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SUMMARY 

Plans have been announced for the laying of the first transatlantic 
telephone cable system to link the United Kingdom, Canada and the 
United States, with a target date for completion in 1956. The paper 
traces the history of communication across the North Atlantic and 
discusses the inadequacy of radio circuits to satisfy the requirements of 
traffic growth. A general description is then given of the cable system, 
which will provide 36 telephone circuits across the Atlantic and 60 
between Newfoundland and Novia Scotia. The project has been 
made possible only by the development of submerged repeaters con¬ 
taining long-life valves and other components, and these are described, 
as is the American experimental work which led to the development 
of a flexible repeater housing which could be laid at depths of 2 miles 
without risk of damage to itself or to the cable. Fifty-two of these 
repeaters will be used in each of two one-way cables nearly 2 000 
nautical miles long, connecting Newfoundland with Scotland. 
Newfoundland will be connected to Nova Scotia by a single cable 
containing 16 both-way repeaters of British design evolved from those 
which have been extensively used for schemes in home waters. 


(1) INTRODUCTION 

In December, 1953, plans were announced by the American 
Telephone and Telegraph Company, the British Post Office and 
the Canadian Overseas Telecommunication Corporation for the 
laying of the first transatlantic telephone cable system. The 
system will provide capacity for 36 high-grade telephone circuits 
between the United Kingdom, Canada and the United States, 
and plans contemplate commercial operation at the end of 1956. 

In scope the project far exceeds anything that has been 
-atiCempted hitherto; the two cables on the main crossing will 
each be nearly 2 000 nautical miles* (n.m.) long and each will 
contain 52 submerged repeaters, laid at depths of up to 2 000 
fathoms, whereas at the time of writing the longest submarine 
telephone cable is less than 200n.m. long and no cable contains 
more than four repeaters. The American Telephone and Tele¬ 
graph Company and the British Post Office have joint engineering 
responsibility for the project, which is the outcome of studies and 
experiments started many years ago. It will represent a major 


step forward in the evolution of the transatlantic telephone 
service which began in 1927 with the establishment of one long¬ 
wave radio circuit between London and New York. 

(2) THE NORTH ATLANTIC ROUTE 
(2.1) The Early Telegraph Cables 

Historically, the North Atlantic route has been the proving 
ground of most major advances in long-distance oversea com¬ 
munication. The first attempt to establish telegraphic com¬ 
munication between Europe and North America was made by 
cable in 1857-58, but the cable failed in October, 1858, after a 
few weeks of service. In 1865 the route once more became the 
scene of activity, but it was not until the following year that the 
hazardous operation of laying a cable between Valencia, Ireland, 
and Trinity Bay, Newfoundland, was accomplished successfully 
and the North Atlantic route opened to electrical communication. 

The successful completion of the first transatlantic telegraph 
cable was due to the foresight, courage and determination of 
Cyrus W. Field, an American, coupled with an outstanding 
British technical accomplishment of its day. The communication 
capacity of the cable was, however, very limited. Dr, Buckley 
noted in the 1942 Kelvin Lecture^ that, even with the improve¬ 
ments in terminal apparatus and operating techniques introduced 
by Sir William Thomson (later Lord Kelvin) and his associates, 
the first transatlantic cable operated at a speed of only 3 words/min. 
This required a bandwidth of perhaps 1 ■ 5 c/s. 

To meet the increasing demand for rapid communication 
across the North Atlantic which arose after the first cable went 
into operation, more cables were laid, and there are now some 
20 in operation on this route. 2 The best available scientific 
talent—^particularly in the United Kingdom—^was devoted to 
increasing the efficiency of the early cables, and late nineteenth 
century research on submarine telegraph cables and their ter¬ 
minal apparatus may well be one of the first examples of the 
large-scale effectiveness of applied research. It was not until 
1924, however, that the deep-sea cable art took a new turn with 
the application of Fleaviside’s earlier suggestion for increasing 
cable efficiency by means of continuous magnetic loading, imple¬ 
mented through the important discovery of Permalloy.3 Tele¬ 
graph cables continuously loaded with Permalloy were laid in the 


* One telegraph nautical mile or naut = 6 087ft = 1 • 153 statute miles. 


Df. Kelly and Mr. Gilman are with the Bell Telephone Laboratories. 
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Atlantic and in the Pacific; the fastest of these cables had about 
four times the communication capacity of a non-loaded cable of 
the same size and length and provided an effective bandwidth of 
about 100 c/s. By comparison the new telephone cable will 
transmit a bandwidth of 144000 c/s. 


(2.2) Radio Circuits 


In December, 1901, Marconi successfully received at St. 
John’s, Newfoundland, radio signals transmitted from Poldhu 
in Cornwall, and radio entered the field as a competitor to cable 
on the North Atlantic route. A commercial radiotelegraph 
service began in 1908. 

The next important event in transatlantic communication was 
the establishment of a commercial radiotelephone service 
between London and New York in January, 1927, when the 
long-wave radio transmitting stations at Rugby and Rocky Point 
were brought into operation. The circuit used the single-sideband 
suppressed-carrier technique which has since found universal 
application for both radio and cable telephone circuits. Another 
important event was the opening of the short-wave (high- 
frequency) radio spectrum to long-distance communication. 
Short waves were introduced on the transatlantic route in 1928, 
and there are, at the time of writing, 14 short-wave radiotelephone 
circuits between the United Kingdom and the United States 
and two between the United Kingdom and Canada. Both events 
were to have an indirect but important effect upon the subsequent 
development of submarine cables. The availability in the early 
1930’s of comparatively wide frequency bands for short-wave 
radiocommunication, the economic depression of that period 
and other factors combined to defer whatever plans there may 
have been to lay additional telegraph cables across the North 
Atlantic. On the other hand, recognition of the technical limita¬ 
tions of radio for transatlantic telephony soon led to studies of 
the feasibility of a North Atlantic submarine telephone cable. 
The advantages of short-wave operation have been 

(a) Comparatively low-cost installations. 

(d) Flexibility, i.e. ease of establishing, taking down and re-routing 
circuits. 

(c) Direct access from country to country. 


With respect to the last point, however, it is of interest to note 
that arrangements have come into effect to route certain trans¬ 
atlantic traffic through radio-relay stations favourably located 
to avoid zones where ionospheric conditions are most frequently 
disturbed. On the other hand, the following disadvantages of 
short waves are familiar; 


(a) Mthough, when ionospheric conditions are stable, short-wave 
operation furnishes satisfactory transmission, no way has been 
found to provide day-to-day continuity and reliability comparable 
to that of good wire lines. 

(b) The deficiencies of short-wave operation are particularly 
marked on the North Atlantic route, which is exposed to severe 
ionospheric disturbances.* 

(c) The short-wave radio spectrum has with time become over- 
populated. Interference between services is an increasingly serious 
problem and, even when full allowance is made for the development 
of multi-channel working on a single transmitter, the number of 
transatlantic circuits cannot be increased very greatly. 


The original long-wave radiotelephone circuit, which is still 
in use, renders an important service in providing limited com¬ 
munication facilities when the short-wave circuits are not 
serviceable. However, the entire long-wave spectrum has a 
frequency bandwidth of less than 100 kc/s and, since this must 
be shared by the world’s communication services (telephone and 
telegraph) that need long waves, long-wave radio cannot be 
regarded as more than an adjunct for transatlantic telephony. 


The past 25 years have been characterized by three periods of very severe dis 
turbance. The first period covered about three years around 1930. The second 
more moderate m effect and of shorter duration, centred on 1944, and the last, whici 
18 particularly serious, started in 1950 and is still in progress. 


(3) EARLY AMERICAN WORK 

In 1919 a small American group was organized under Dr. 
Buckley to study how to increase the transmission capacity of 
long deep-water submarine cables; this was in accordance with 
the emphasis in all American submarine cable work on the 
problems of deep-water cable technology. 

The first work of this group was with short lengths of tele¬ 
phone cables at medium depths. In 1921 three iron-wire 
(Krarup)-loaded cables were laid between Havana and Key West, 
a distance of just over l(X)n.m. These were the first cables made 
with an outer copper return conductor giving a coaxial structure. 
In deep-sea telegraph-cable practice the custom had been to 
depend upon the sea itself and the armour wires of the cables as 
a return medium, but this is not satisfactory at telephone fre¬ 
quencies. Each of the three Key West—Havana cables provided 
sufficient frequency bandwidth to accommodate one telephone 
and three carrier telegraph circuits in addition to a d.c. telegraph 
circuit. Two years later two cables were put into operation over 
the 23n.m. route between the California shore and Catalina 
Island, and these were ultimately operated at frequencies up to 
35 kc/s. The Key West-Havana and Catalina cables were 
operated as both-way cables, that is each cable was used for both 
directions of transmission simultaneously. Separation of the two 
directions of transmission was by means of balancing chcuits at 
the terminals. 

There soon followed the developments in long deep-w’ater 
high-speed submarine telegraph cables mentioned earlier. 

By the late 1920’s developments in submarine-cable tech¬ 
nology and in magnetic and insulating materials reached a point 
where a single-circuit telephone cable across the North Atlantic 
between Ireland and Newfoundland (a distance of 1 800n.m.) 
seemed feasible. A specific proposal to this effect was formulated 
by the Bell Telephone System in 1928 and discussed with the 
British Post Office. The proposal called for laying a single 
continuously-loaded non-repeatered coaxial cable, operating at 
a top frequency of about 3 800 c/s and providing a single tele¬ 
phone circuit. The central conductor was to have been loaded 
with wrappings of tape made of a newly-developed magnetic 
material, Perminvar. The insulation of the cable was to have 
been Paragutta, also a new development. 

As a check on the estimates of the performance of this design, 
and to determine whether it could be successfully laid and 
recovered, a 20-mile section was manufactured in Germany and 
laid in deep water in the Bay of Biscay in 1930. This was subse¬ 
quently recovered and relaid in shallow water. A length of non- 
loaded cable with Paragutta insulation was laid the same year 
between Key West and Havana. The projected cable was never 
laid across the Atlantic, principally because of econo mi c con¬ 
ditions. However, studies and experiments in the laboratory and 
at sea, looking towards a new and better cable, continued during 
the depression following 1930. 

During the laying and recovering operations in the Bay of 
Biscay in 1930, “kinking” of the cable and buckling of the 
conductors occurred on several occasions. This extreme local 
deformation was caused by unwrapping of the armour Wires at 
points along the cable; it happens in the following way. As 
the cable passes aft of the ship, variations in tension cause 
twisting and untwisting of the cable structure; this twisting is 
harmless if it is distributed along the length of the cable but 
buckling can occur if it is localized for any reason. Stopping 
and startiDg of the cable ship or the existence of any large 
irregularity along the cable itself are potential causes of damage; 
for example, severe local distortion was produced artificially 
during the Bay of Biscay tests when a large board, nicknamed 
the “barn door,” was lashed to the cable. 

The structure of the proposed coaxial transatlantic telephone 
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cable was inherently much more complex than that of the con¬ 
ventional non-loaded deep-water telegraph cable. The cable 
was therefore more subject to damage while being handled at 
sea and, because of the serious consequences of such damage, 
great attention was paid to the problem of maintaining the 
structure of the cable unaltered during laying operations. 
Laboratory studies led to a design in which the lays of the tape 
loading, the tapes of the copper inner and outer conductors and 
of the armour wires were in the same direction. This was a 
departure from established thinking at the time, but has been 
carried through in the subsequent cable designs of the Bell 
Telephone Laboratories. 

(4) MULTI-CHANNEL TRANSATLANTIC CABLE PROJECT: 

BACKGROUND OF AMERICAN EXPERIENCE 

By 1928, when the proposal for a transatlantic telephone cable 
was first formulated, electronic techniques were well established 
in land-cable practice, although they had not reached the point 
when serious proposals could be made to lay a transatlantic 
submarine cable with submerged repeaters lying on the ocean 
bottom. For this to become feasible, further improvements in 
technology were required, notably the use of amplifiers stabilized 
by negative feedback and pentode valves with equipotential and 
uncombined cathodes. These developments, which were to make 
long-distance multi-circuit carrier telephony a reality within the 
next ten years, together with still greater reliability, were needed 
to make the transatlantic plan practicable. Until these improve¬ 
ments became available, the only kind of repeatered transatlantic 
system that could be imagined was one in which the repeaters 
would be mounted on moored platforms at sea or would be in 
submerged buoys, fed with power from local batteries and visited 
at intervals for maintenance and repair. Systems of this kind 
were considered and discarded as impracticable. 

By 1932 great advances were being made and the first experi¬ 
ments on long-distance broad-band systems for use on land were 
well under way. While the solution of many of the submarine- 
cable problems was not yet clear, the rapidly developing electronic 
art created the atmosphere of confidence that made it possible to 
contemplate seriously the design of a long-distance deep-water 
cable associated with submerged repeaters in which were long¬ 
life valves which would be capable of transmitting a number of 
carrier telephone channels instead of only one channel. 

The broad concept which grew up of the transatlantic cable 
system was the use of two non-loaded coaxial cables, one for 
each direction of transmission, into which repeaters would be 
spliced at regular intervals. Detailed discussion of the relative 
merits of two cables or one is outside the scope of the paper; 
suffice it to say that an economic field for the use of twin cables 
(one-way operation in each) may be on long deep-water routes 
with traffic rapidly growing beyond the capacity of a single-cable 
system. In this case, however, the choice was influenced by the 
need to use repeater housings which would cause the minimum 
irregularity in the cable structure. As shown in Section 5, both- 
way repeaters for use in a single-cable system require more 
accommodation in the repeater housing than do repeaters for 
one-way operation. 

The repeaters required for the transatlantic cable system had 
to be designed to withstand the shocks of laying and recovery 
and the pressure of water encountered at the greatest depth on 
the North Atlantic route. The valves used had to operate at 
sufficiently low cathode power and anode potential to make it 
feasible to supply power to the repeaters over the cable from the 
shore ends at a safe working potential, which was eventually 
established at roughly 2 000 volts d.c. Finally, the repeaters had 
to have sufficiently long lives to operate with small likelihood of 
failure over a period of time (generally taken as 20 years) which 
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would be long enough to make the enterprise as a whole tech¬ 
nically soimd and economically attractive. 

(4.1) Repeater Housing 

Early experience of the potential hazards of damage to, or 
modification of, the structure of the cable during handling led 
to the objective of a flexible housing, structurally as nearly as 
possible like the cable and capable of being passed over the drum 
and sheaves of the cable ship and paid out without slowing up 
or stopping the vessel or suffering damage. The so-called 
“snake type” housing for the valves and other repeater elements 
was developed, and will be described in Section 8.2. 

(4.2) Long-Life Valves 

The valve finally adopted was a conservatively-designed 
suppressor-grid pentode whose details were finalized in 1941 
and which has not since been changed in any essential way. It 
is a valve with large cathode area, low cathode temperature 
(630° C), low anode potential (60 volts), large internal spacing 
between elements and of generally rugged and shockproof con¬ 
struction. Some of these valves have been under continuous 
test for more than 13 years, and 18 have been in operation for 
four years in repeaters on the most recent Key West-Havana 
cables.'*^ All indications are favourable for something better 
than 20-year life expectancy for North Atlantic service. 

(4.3) Components 

In addition to the valves, about 60 other circuit elements have 
to be accommodated inside the submerged repeater housing, 
including resistors, capacitors, inductors, transformers and 
crystals. Like the valves, these elements must be designed and 
fabricated so as to avoid all possible risk of failure in service; 
they must also meet requirements of ruggedness and reasonably 
small size. Cost, fortunately, is a less important factor than it 
is in most other applications. 

The failure of any one of the other components could be as 
serious as that of a valve, and there was evolved in the Bell 
Telephone Laboratories a 5-step philosophy for their selection 
and manufacture aimed at achieving as near perfection as 
humanly possible. The steps are as follows: 

(a) Draw on the background of experience with similar parts in 
use in the telephone plant. 

(b) Supplement experience with extraordinary care in selecting 
material and with special testing of components during production 
and after completion. 

(c) Use an open and simple structure to avoid hidden errors. 

(d) Select and train personnel for perfection of skill and pride 
in product, 

(c) Develop the worker’s faculty of self-criticism, so that only 
those parts are submitted which truly represent his best efforts. 

In this way there was incorporated into the development of 
each component all the knowledge and integrity that American 
telephone practice and experience provided. Wire-wound 
resistors, for example, have been made for 50 years, and there 
are something like 50 million of them in service. This type of 
resistor was therefore chosen for the submerged repeater in 
preference to the deposited-carbon resistor of more recent origin. 
Similarly, experience in the control of materials and quality 
production and experience in the telephone operating field were 
drawn upon in the selection of designs of Permalloy-core in¬ 
ductors, and paper and mica capacitors. This experience was 
supplemented wherever possible by accelerated life-tests. 

Care in the control of materials used for the repeater elements 
has been particularly important. A case in point is the selection 
of paper for the capacitors. Large quantities of this paper are 
purchased annually for the manufacture of capacitors for use in 
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the general telephone plant; the paper is supplied in lots which 
are submitted to accelerated life-tests. The lots which performed 
best in an interval of six months were made available to the 
Laboratories, where every roll was re-inspected, and only those 
showing the highest life were chosen for the capacitors. 

(4.4) Cable 

The design of cable finally decided upon consists of a solid- 
dielectric coaxial structure covered by the usual jute and armour 
for protection and strength. The composite central copper con¬ 
ductor consists of a central solid wire surrounded by a single 
layer of spiralling and abutting tapes, carefully formed to fit 
closely about the wire with a minimum of voids. Such a com¬ 
posite structure has better flexibility and protection against 
breakage than a solid conductor and has better a.c. and d.c. 
resistance than a stranded-wire conductor of the same outside 
diameter. The return conductor is also a flexible composite 
copper structure consisting of a single layer of abutting spiralling 
tapes, carefully formed into a tubular configuration. It is 
covered with an overlapping spiralling copper tape for protection 
against the teredo worm. The various spiralling layers of tape 
and armour are applied in the same direction of lay, for reasons 
stated in Section 3. 

. original coaxial-cable designs had used Paragutta as the 
dielectric, but shortly before the Second World War repre¬ 
sentatives of the Post Office brought polyethylene (Polythene)—a 
Brifish development—to the attention of the Bell Telephone 
Laboratories. On test it proved to have characteristics that made 
It supenor to Paragutta; it had a lower permittivity, greater 
electric strength, was more uniform in its characteristics, was less 
pervious to sea water and had mechanical properties that made 
it rnore desirable. Polyethylene was soon adopted as a feature 
of the proposed transatlantic cable. 


in water which is nowhere deeper than 300 fathoms. The first 
coaxial cable of modern type, and generally similar to the cable 
described in Section 4.4, was laid in 1937 and used Paragutta 
dielectric. All post-war coaxial cables, however, have been 
constructed with polyethylene. 

British development of submerged repeaters for existing cables 
has recently been described in a series of papers. Experi¬ 
mental work by the Post Office did not start until 1938, but in 
1943 a coaxial cable between Anglesey and the Isle of Man was 
equipped with a shallow-water repeater.® In 1946 a repeater 
was inserted into a cable between Lowestoft and Borkum to 
provide direct telephone communication to the British Armed 
Forces in Germany. These were the first uses of submerged 
repeaters for telephone traffic anywhere in the world. In these 
two early applicafions, “go” and “return” speech channels were 
provided over a single cable and separated on a frequency basis, 
the repeater being arranged to amplify only the channels trans¬ 
mitted in the high-frequency band. 

The Post Office next turned its attention to the development 
of submerged repeaters suitable for operation in tandem and 
designed to transmit a supergroup of 60 circuits over existing 
coaxial cables. ^ At this stage a decision became necessary as to 
whether British development should continue to be in accordance 
with a pattern of transmitting “go” and “return” channels over 
a single cable, which was the established practice with un- 
repeatered systems, or whether separate cables should be used 
for the two directions. The use of separate cables for the two 
directions of transmission meant greater simplicity of equipment, 
but Post Office experience of the inherent difficulties of submarine- 
cable maintenance in the North Sea had led to a firm preference 
for making every cable self-contained in respect of circuits 
where the traffic did not necessitate more than two or three 
cables on a route. 


(4.5) Key West-Havana Cables 

Second World War the American group concerned 
with the cable was reduced to the barest minimum necessary to 
keep the development alive, but a machine to simulate cable¬ 
laying operations was constructed and used to test ideas con¬ 
cerning repeater housings. 

Upon the cessation of hostilities the decision was taken to 
install on the Key West-Havana route a pair of cables of the 
design tha.t had been evolved for transatlantic service, A special 
air-conditioned repeater assembly shop .was set up at the 
Laboratories and a contract was entered into with a manu¬ 
facturer for experimental cables. Arrangements were also made 
for modification to the cable ship Lord Kelvin. By 1948, work 
had progressed to a point which enabled 20n.m. of cable and 
repeaters, together with special built-in testing facilities (accelero- 
meters) for observing and measuring shocks to the cable during 
handling to be laid in depths up to 2n.m. in the Bahamas. 
Uurmg this period of growing activity, methods of cable manu- 
acture, including testing and quality control, were worked out 
m co-operation with the manufacturer. 

This work culminated in May, 1950, with the laying of the 
Key West-Havana cables^ (115 and 125n.m.). The cable system 
includes six repeaters, five of which are on the ocean bottom at 
depths ranging from 20 fathoms to 950 fathoms. The sixth 
repeater is located in a cable vault on the shore near the Havana 
telephone office. These repeaters have been in operation, at the 
tune of writing, for four years without failure and without 
indication of deterioration. 

(5) BRITISH SHALLOW-WATER EXPERIENCE 
Many submarine telephone cables connect the United Kingdom 
to the continent of Europe; they are of a variety of types and lie 


It was therefore decided that the reiDeaters should be designed 
for two-way transmission. The primary supergroup of 60 
speech channels is, by international agreement, assembled in the 
frequericy band 312-552 kc/s, and the system was arranged to 
transmit this frequency band in one direction and the frequency 
band 24—264 kc/s in the other. High- and low-pass filters were 
necessary to separate “go” and “return” channels at each 
repeater, but these were arranged to feed into a common amplifier. 

The directional filters necessary for two-way transmission 
waste a part of the frequency spectrum, while the added com¬ 
ponents somewhat increase the probability of premature failure 
and require additional accommodation in the housings. The 
loss of frequency spectrum and slightly increased risk of failure 
were not considered important in comparison with the operational 
advantages of single-cable systems, and the additional accom¬ 
modation required was not a serious problem because experience 
had shown that the large single-ended housings which were in 
use at the time could be laid and recovered without difficulty in 
shallow water. 

The system evolved, which may include up to ten intermediate 
repeaters, appears adequate for all routes between the United 
Kingdom and Europe. It was first installed in 1950 and about 
20 repeaters are in operation at the time of writing. Very 
similar 36-circuit systems have been in operation for four years 
between the Netherlands and Denmark.? 

These earlier projects, while profitable and affording valuable 
experience, did not lead directly to a design suitable for a trans¬ 
atlantic project or for installation elsewhere at ocean depths. 
In 1948, however, the Post Office began to study the possibility 
cn using submerged repeaters to increase the traffic capacity of 
the telegraph cables operated by Cable and Wireless, Ltd., and 
development of a housing suitable for installation in deep water 
was commenced in collaboration with a manufacturer. The 
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design was modified after laying tests in 2 700 fathoms in the 
Bay of Biscay in 1951, which were carried through under adverse 
weather conditions and were not entirely successful. This 
housing (described in Section 9.3) is rigid, like the shallow-water 
unit, but is double-ended and much smaller; it is in line with the 
cable, is designed to transmit the full laying tension experienced 
in deep water and is able to rotate freely during the laying 
operation. Limited tests were carried out in the Mediterranean 
Sea at depths of 250 fathoms in the autumn of 1953, when lengths 
of cable including the new repeaters were repeatedly laid and 
recovered. Twist, tilt and recording devices included in one 
repeater housing established that the repeater could be handled 
and laid without significant bumping. It has yet to be established 
that the design is suitable for use in very deep water, and in 
particular that the laying operation does not hazard the cable by 
the insertion of slack which subsequently tightens into kinks. 

The Post Office did not commence serious study of the trans¬ 
atlantic problem until 1950, when it set up a committee to 
report on the future possibilities of repeatered telephone cables 
on this route. In 1952 it was decided to engineer a new telephone 
cable of about 300n.m. between Scotland and Scandinavia as 
a prototype for a system suitable for water of greater depth than 
that actually on the route, although this is no more than about 
200 fathoms, and the requirements of 36 chcuits on a single cable 
could have been met using the proved shallow-water repeater 
design. The cable will be laid in the autumn of 1954. An 
innovation in submerged-repeater circuit design will be the use 
in each repeater of parallel-connected amplifier units with two 
separate forward paths and a common feedback path. The 
valves will be of a long-life type developed in the Post Office 
Research Laboratories for submerged-repeater applications. 

The decision to use deep-water-type repeaters for this system 
was an important step in building up a backgroimd of experience 
which will be utilized in the Newfoundland-Nova Scotia section 
of the transatlantic system. 

(6) DECISION ON TRANSATLANTIC TELEPHONE CABLE 

PROJECT 

Early in 1952 negotiations were once again opened between 
the American Telephone and Telegraph Company and the British 
Post Office. Two of the present authors* reported jointly on 
the status of submerged-repeater development in the United 
States and in the United Kingdom after independent studies by 
engineers of the Company and of the Post Office. 

At that time the American development had been completed 
in its basic features for several years. The valves and other 
components, initially constructed or selected for reliability in 
service, had been under life observation since about 1940. 
Cable and repeater designs for a transatlantic project had been 
subject to stringent laboratory tests and had finally been given 
the practical trials, already referred to, on the Key West-Havana 
route. The authors concerned recommended that these designs 
should be used for the long link between Newfoundland and 
Scotland, because proved reliability is an essential requirement 
in a pioneering and costly venture of the difficulty of a transatlantic 
telephone cable. 

There had not been the opportunity to subject the elements in 
the British development—^particularly those which it was pro¬ 
posed to introduce as parts of a deep-water, as distinct from a 
shallow-water, system—to comparable tests. Nevertheless, it 
was apparent that, if means for laying and recovering the large 
repeater housings in deep water without damage to the cable 
were later developed, the design would provide great flexibility 
in repeatered cable systems of the future. The authors therefore 
recommended that the British design should be used for the link 

* Kelly and Radley, 


between Newfoundland and Nova Scotia where the water is of 
moderate depth and offered the opportunity for observation of 
a design based on proved shallow-water techniques. The design, 
because of its later initiation, permitted of a lower cost per 
telephone circuit on this section. 

The Canadian Overseas Telecommunication Corporation was 
asked to join in the enterprise, because of its interest in oversea 
communication and of the desire that the project should also 
improve communication between the United Kingdom and 
Canada. Administrative and technical discussions took place 
on both sides of the Atlantic, and agreements were arrived at 
and formalized in a contract signed on 27th November, 1953. 
Ownership of the system will be vested in the American Telephone 
and Telegraph Company, the British Post Office, the Canadian 
Overseas Telecommunication Corporation and the Eastern 
Telephone and Telegraph Company. The latter is a subsidiary 
of the American Telephone and Telegraph Company and will be 
concerned with the facilities within Canadian territorial limits. 

(7) GENERAL DESCRIPTION OF THE COMPLETE SYSTEM 

(7.1) Route 

A map of the system is shown in Fig. 1, and the route in 
Newfoundland is shown in greater detail in Fig. 2. The route 
between Clarenville in Newfoundland and Oban in Scotland has 
been chosen so as to be well clear of existing tele^k-ph cables, 
which lie to the south, and also to avoid known “holes” in the 
ocean bed. Selection of a landing site in Newfoundland was 
determined by the following considerations: 

(a) The cables remain in deep water until they enter the north¬ 
western arm of Random Sound where damage is not to be antici¬ 
pated from grounding icebergs. 

(b) There is no crossing over other cables. 

(c) Clarenville provides reasonable amenities for the staff who 
will have to maintain equipment associated with the cables to 
Scotland and Nova Scotia. 

Both the cables between Clarenville and Oban will be approxi¬ 
mately 1 950n.m. long and each will be equipped with 52 
repeaters. The greatest depth at which a repeater will lie will be 
approximately 2 300 fathoms (2-6 statute miles), but most will 
be at depths between 1 200 and 2 000 fathoms. 

Three alternative routes connecting Clarenville with Nova 
Scotia were considered; none was particularly attractive from 
an engineering standpoint. They were: 

(а) To leave Clarenville generally in an easterly direction and to 
lay the cable in a wide sweep round the Avalon Peninsula and in 
deep water to the south of the Newfoundland Banks. 

(б) To leave Clarenville generally in a southerly direction, cross 
the Avalon Isthmus (about five miles wide) into Placentia Bay, cross 
the Burin Peninsula (about ten miles wide) into Fortune Bay and 
thence in water of moderate depth to Sydney Mines. 

(c) To lay the cable overland to Terrenceville at the head of 
Fortune Bay, thence picking up the same inshore route as in (b) 
above. 

The first of these would have involved a cable 600 n.m, long 
crossing a number of existing telegraph cables; the second, while 
avoiding the main fishing grounds and other cables, would have 
necessitated landings at four intermediate points. Therefore, 
after an on-site investigation, the last alternative was chosen. 
This ‘section thus falls into two parts: to the east about 62 statute 
miles overland and to the west about 274 n.m. in coastal waters 
at depths up to about 250 fathoms. The single cable will be 
equipped with 16 repeaters, two of which will be on land. 

(7.2) Circuit Capacity 

Fig. 3 shows the location of the various frequency bands used 
for transmission and the location of various pilot tones. The 
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2 maintenance telegraph 



Fig. 3.—Allocation of the frequency bands. 


groups. Equipment to bring each of the 12 channels in any one 
transatlantic group down to audio frequency will be installed, 
but not normally connected. The availability of such equipment 
is desirable, in order to enable impairments affecting only one or 
two channels to be localized to one part of the system. Fig. 4 


band below 20 kc/s, as indicated in Fig. 3. Between ClarenviUe 
and Sydney Mines the telephone channels will be provided in the 
“cross-over” frequency band between 260 and 312 kc/s and the 
telegraph channels below 20 kc/s in one direction and above 
552 kc/s in the other direction. 
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Fig. 4.—Schematic of the equipment at ClarenviUe. 


A. Cable terminating equipment. 

B. Terminal filters and amplifiers. 

C. Terminal translating equipment. 

D. Group translating equipment. 

E. Through-group filters. 

F. Terminal amplifiers. 

G. Maintenance circuits. 

C.O, Change-over switch to duplicate equipment. 

At Oban and Sydney Mines the schematics are complementary to those of the facing equipments at ClarenviUe. 


is a schematic of the arrangements at ClarenviUe; the arrange¬ 
ments wUl be generally simUar at Oban and Sydney Mines. 

The traffic operating terminals wUl be in London, New York 
and Montreal. Twenty-nine telephone circuits wUl be put into 
service between London and New York, and six between London 
and Montreal. Telegraph circuits between London and Montreal 
will be provided in the upper half of the thirty-sixth telephone 
circuit. 

Telephone and telegraph circuits for maintenance purposes 
wiU be provided between Oban and ClarenvUle in the frequency’ 


(7.3) Overall Performance 

Since the transatlantic circuits will serve to connect two 
extensive telephone networks on opposite sides of the ocean, 
including connection to the European continent, which wUl be 
reached through London, they are being designed to add as little 
extra loss and other forms of impairment as possible. For 
example, it has been agreed that the target for the frequency 
characteristics of the channels between London and New York, 
or London and Montreal, should be at least as good as that 
specified by the C.C.J.F. for a 2 500km international circuit. 
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Other objectives for the circuits compare favourably with those 
specified for long-distance circuits wholly on land.* For the 
transatlantic circuits the “via net loss” will be 0-5 db measured at 
SOO or 1 000 c/s between London and New York (or Montreal). 
With a net loss of this order on circuits which will have a one¬ 
way transmission time of about 35millisec, echo control will be 
necessary, and a study is being made of the best method of 
applying this. Terminating circuit pads will add 2 db to the 
lo.ss at New York and 3-5 db at London for calls between the 
two cities, but when the transatlantic circuits are extended the 
pads will be switched out of circuit. Thus the normal attenuation 
on a London-New York transmission will be 6db (3-5-f 
0-5-1- 2) or slightly more than the accepted value in regional- 
centre to regional-centre connections in the United States or 
Canada. It is an agreed objective to restrict variations from 
the normal attenuation to a standard deviation of 1 • 5 db, and 
this will put a severe requirement on the individual links which 
may be difficult to meet. In all respects the requirements for the 
Sydney Mines-Clarenville-Oban cable sections have to be some¬ 
what more stringent than for the overall circuits. 

A pilot tone of approximately 84 kc/sf will be injected into 

^ channels appear 

in the 60-10S-kc/s range. Measurements of the received level 

will give an indication of the overall attenuation; 
later the received tone may be used to control automatically the 
amplifiers on each group. In addition, 92-kc/s 
pilot tones, similarly injected, will be transmitted over each 
^ction to give an indication of the attenuation of the section 
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Repeater-unit sections. 

1. Input terminal. 

2. Input blocking capacitor. 

3. Earthing capacitor. 

4. Crystal. 

5. Input network. 

6 . First-stage pentode. 

7. First inter-stage network. 

8 . Second-stage pentode. 

9. Second inter-stage network. 

10. Third-stage pentode. 

11. Output network. 

12. Feedback network. 

13. Feedback network. 

14. Gas diode. 

15. Drier. 

16. Output blocking capacitor. 

17. Output terminal. 


1 

150ft 

Including tails 


dia. 



Fig. 6 a.— Repeater, Clarenville-Oban section. 

A. Armour bedding and corrosion protection. 

B. First layer of armour wires. 

C. Second layer of armour wires. 



the container are mounted inside a series of Lucite (polymethyl¬ 
methacrylate) cylinders, successive units being held together by a 
spring assembly to form an articulated system. Surrounding this 
series of Lucite cylinders is a series of butt-ended steel rings, in two 
layers, the joints between successive rings in the two layers being 
staggered. Over the rings, and supported by them against collapse 
at sea-bottom pressure, is an envelope in the form of a copper 
tube, over which are the protective coatings and armouring wires. 

The repeater enclosure is terminated at each end with a system 
of seals, comprising first a glass-metal seal adjacent to the 
repeater elements, then a plastic seal moulded to the cable 
insulation and finally, at the extreme ends, a 7ft long seal formed 
within a copper tube which is an extension of the repeater 
housing. In order to penetrate the housing, sea water would 
therefore have to thread a long multi-barriered path. All seals 
are adapted for the sea-bottom pressures that they may have to 
withstand. A partially sectioned portion of the seal is shown 
in Fig. 7, together with further details of the repeater structure. 

Fig. 8 is an electrical schematic of the amplifier. The Lucite 
cylinders into which the electrical elements are packaged are 
indicated in Fig. 6. Excluding the valves and high-voltage 
capacitors, 54 components will be accommodated within a volume 
no greater than that of a 3 in cube. 

The 52 repeaters in each cable will be located at intervals of 
approximately 37 n.m. They will be fed with d.c. power originat¬ 
ing at each shore end, the power feeding arrangements being 
described in Section 10. Each repeater will produce a voltage 
drop of 55 volts at a current of 225 mA initially, but after a 
number of years the current can be increased to a maximum of 
245 mA (64 volts per repeater) to offset any deterioration in 
valve emission. 

(8.3) Testing Arrangements 

Frequencies in the range 167-174 kc/s will be used to keep 
track of the performance and condition of individual repeaters 
by means of measurements made from the shore ends. The 
techniques for doing this have been outlined in earlier articles 
describing the Key West-Havana system.'^ Briefly, the device 
used is a quartz-crystal resonator shunted across the feedback 
circuit of the repeater so as to remove feedback effectively over 
a very narrow frequency band which is different for each 
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Fig. 7.—Repeater assembly, Clarenville-Oban section. 

B. ' Nos?ng“S’r? Cpolyisobutylene) filled and sealed. 

C. Cover. 

D. Protective-tube assembly. 

S' Rubber-seal assembly. 

F. Glass-seal assembly, 

G. End-terminal unit. 


repeater. In this narrow band the gain is much higher than at 
all other frequencies and is very susceptible to changes in valve 
characteristics. Thus, system gain measurements at the various 
crystal frequencies provide a means for detecting, in each repeater 
separately, small changes in significant valve parameters which 
would not be disclosed with normal feedback. At the same time, 
the high gain at resonance creates a series of thermal-noise peaks 
at the crystal frequencies. These can be observed by a narrow- 
band detector at the receiving end of the cable and will provide 
a means for locating repeaters which have failed. To accomplish 
this, it is only necessary to note the missing noise peaks, since 
these are associated with the repeater which has failed and those 
preceding it. In order to make this test possible even when the 
failure is caused by an open-circuit heater, a gas diode is provided 
in each repeater to by-pass the power supply current. 

(8.4) Repair Repeaters 

If the cable is damaged during laying or at a later time, it will 
have to be raised and repaired. After the repair, the cable length 
in the repaired section will be greater than before, and this will 
upset the balance between cable loss and repeater gain. In the 
deepest water, the extra cable length may amount to several 
miles, and to compensate for the additional loss, low-gain “repair 
repeaters” are being provided. One of these will be inserted 
when a repair is made in deep water. 


(9) CLARENVILLE-SYDNEY MINES SECTION 
The frequency bands to be transmitted over the single cable 
between Newfoundland and Nova Scotia (see Fig. 3) are those 
used by the British Post Office in most of its shallow-water 
schemes, except that the bottom frequency band is lowered by 
4 kc/s so that the three transatlantic groups can occupy the same 
frequency band as on the section between Newfoundland and 
Scotland; this will simplify the frequency-translating equipment. 


ty.r; c>uDinanne Cable 

The structure and dimensions of the conductors and core of 
the submarine cable will be identical with those of the cable used 
betweeir Clarenville and Oban; the cable will have A- or B-type 
armouring (Fig. 5). It will, however, be tested to a specification 
appropriate to the higher frequencies to be transmitted and having 
regard to the fact that some slight easements are possible because 
the impedance of the repeaters in this section will approximately 
match that of the cable. 

(9.2) Land Cable 

The land cable will be basically the same as the submarine 
cable, but, being more subject to electrical interference, it will 
be screened with layers of soft-iron tape applied over the outer 
conductor. The tape in turn will be protected from corrosion 
by a polyethylene sheath, over which will be applied jute bedding 
and armour wires. The cable will be laid in a trench at a depth 
ot approximately 30in, where the temperature is expected to have 
an annual variation of about 35° F and a maximum daily varia- 

^ protection of the system 

agamst lightning, will be laid m the trench above the cable. The 
two repeaters in the land section will be identical with those in 
the sea and according to the terrain determined in the final 

survey, will be laid m ponds, buried in the ground or located in 
small manholes. 

(9.3) Repeaters 

The mechanical design of the repeaters which will be used in 

''' electrical equipment is 

mounted m an inner sealed cylinder 4ft 2in long and 7|in 
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Fig. 8.^—Schematic of amplifier for Clarenville-Oban Section. 



Fig. 9.—Repeater housing for Clarenville-Sydney Mine section. 

A. Inner unit enclosing electrical apparatus. 

B. Bulkliead (brazed in). 

C. Armour clamp. 

D. Flexible diaphragm enclosing Vistac, V. 

G. Castellated gland. 


in diameter, filled with dry nitrogen. This is mounted between 
brazed-in bulkheads in the pressure-resisting outer housing, 
which is about 9 ft long and has a maximum diameter of 10^ in. 
The glands are polyethylene mouldings which are integral with the 
cable dielectric and which are shrank on to castellated bosses, 
previously treated so as to form a bond with the polyethylene. 
The cable armouring wires are made-off under clamps, which 
transfer the laying tension to the housing; the design of these 
clamps is adequate to permit of laying the repeaters at ocean 
depths, although, of course, such strength will be unnecessary for 
cable-laying operations between Newfoundland and Nova Scotia. 

The 16 repeaters in this section will be located approximately 
20n.m. apart. Electrically, they will be arranged to give both- 
way amplification, as shown in Fig. 10. A feature of the design 
is the inclusion of balanced bridges at each end of the repeater, 
which not only supplement the directional discrimination in the 
filters by a minimum of 20 db, but also contribute substantially 
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Fig. 10.—Schematic of both-way repeater. 

A. Amplifier. 

B. Balanced bridge. 

Fi, F 2 . Low- and high-pass power filters. 

F 3 , F4. Low- and high-pass directional filters. 
——^ West-east channels, l.f. group. 

- East-west channels, h.f. group. 
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to the equalization. The bridges also have the advantage that the 
intermodulation requirements in the filters are reduced so that 
small high-Q-factor ferromagnetic-cored coils can be used 
Apart from the equalization provided by the directional bridees' 
the repeater derives most of the necessary gain/frequency 
characteristic from the two-terminal feedback network. 

There are two 3-stage amplifier units in parallel between 
cordon input and output transformers with a single feedback 
path as shown in Fig. 11. The feedback network will maintain 
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10 volts, and at all other points the capacitors will be of the 
sealed oil-impregnated-paper type. All components will be 

manufactured and tested to standards similar to those described 
in Section 4.3. 

(9.4) Testing Arrangements 

It is an advantage of a both-way cable that, if some form 
ot trequency translation is possible in each repeater, signals 
rammitte fi om one terminal can be returned from the repeaters 
to the same terminal. In this instance the frequency translation 
m the repeater is effected, as shown in Fig. 12, by a frequency 


L.F. 



Fig. 11. Schematic of amplifier for Clarenville-Sydney Mines section. 

the repeater gain if one amplifier unit becomes inoperative but 
the overload pomt is reduced by 5 db under this coSioT 
a faulty component in one amplifier unit cannot affect the other 
unless it introduces circuit noise. In comparison with a system 
using single arnplifiers, the probable life of each repeater is 
increased and the probability of early faults on the system is 
faSef p^peTs"^’ theoretically in the Appendix to an 

The wide frequency range to be transmitted over the cable 
between Clarenville and Sydney Mines will be made practicable 
only by the use of comparatively modern high-performance valves 

that the mutual_ conductance of valves using conventional 
cathode cores—nickel with a small content of silicon and mag¬ 
nesium-decreases with time owing to the growth of a resistive 

cathod? emissive material of the 

cathode, this interface applies negative feedback to an extent 

which mcreases with age. Work in the Post Office Research 

Of T- ^ platinum cathode cores. Cores 

of this kind known as “passive” cores, will be used* these 

Sd"\ave'^s?bf processing but result in valves’which 
should have stable characteristics over very long periods of 

requires about 300 mA at 5-5 volts 

catode^rod"^^^^^^^ each repeater are series-con^ectedUhe 
catnode anode p.d. (90 volts) is derived from a separate resistor 

to mSfe S 

The accommodation afforded by the rigid housins not onlv 

“it poSe't'? butS 

geSrous W iLn . ““Ponents on more 

housing American flexible 

dielectric of mineral^iil fastea* a non-polar 

capacitors will be used only where the polarization is less than 


— -- 

Frequency/is in the band 260-264 kc/s. 

frequencies in the 

to the ^eiter^ q- /‘’T individual 

to the repeater. Signals at twice these frequencies are returned 

be made of fmeasuremrrn 

at time at the output of each repeater 

Pulse-testing equipment will also be provided at each terminal 
o permit measurements of the overload point of each repeater 

tosktionTirSil’frequency 
iS ills w ™ ,! “y°f amplifier 

ofT 2 "^jrection and by intermodulation 

ot a 2 tone signal m the other direction; it is aimed nrimarilv at 
toe^nmg whether both amplifiers ^re functton ^n each 

(10) POWER FEED TO REPEATERS 

arrangements for feeding power to the repeaters on the 
two sections are generally similar and involve the use of constant- 

series.aid“d 

(Rg 13?. ^ <^ontioh the value of the line current 

initialVftomTH^''' Clarenyffle-Oban section will require 

latefto ahmif fasT® ^ increasing 

ter to about 4 450 volts, or up to about 4 700 volts if it is 

=. ;v.fgnr.i:'‘Stmr’ s: 

Si™ 

stftioTwillV'^^'lh"^^^^^^ aarIZleSto 

swhon will derive the constant-current feature by feeding via 
high-impedance pentodes with a mechanical regulator to absOTb 

each^end will be shared by two generators at 

each end, each generator being capable of taking the full load 
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Fig. 13.—Basic power-feeding arrangements. 

(a) General schematic. 

(b) Repeater power circuits for Clarenville-Sydney Mines section. 

(c) Repeater power circuits for Oban-Clarenville section. 

Transductor-controlled power units will be used for the Claren¬ 
ville-Sydney Mines section. 

Every effort will be made to ensure continuity of the d.c. power 
supply to the cable, so as to avoid voltage surges at the repeaters, 
and in order to assist this the a.c. supplies to each power-feed 
unit will be derived through a.c./d.c./a.c. machines. These 
machines will be normally driven from the supply mains, but in 
the event of mains failure, Diesel-engine-driven alternators will 
be started up automatically. There will be two stages of standby: 

(a) The a.c./d.c./a.c. machines will continue to run, driven from 
a 130-volt battery which energizes the d.c. machine. 

(b) If the mains failure is of long duration, the standby Diesel 
plant will take over. 
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J_n_n_n__ 

3 heaters = 55V 
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(llj CABLE-LAYING ARRANGEMENTS 

All the cable will be laid by H.M.T.S. Monarch. This ship, 
which was built for the British Post Office in 1945,^° has a gross 
tonnage of 8 056 and, with full oil bunkers, can carry between 
5 000 and 6 000 tons of cable.* 

Monarch is the only cable ship afloat capable of laying the 
whole of the deep-water part (about 1 500n.m.) of each cable 
between Newfoundland and Scotland in one operation. From 
earlier Sections of the paper it will be obvious that it is desirable 
to avoid any sequence of operations which will make it necessary 
to pick up a cable end and to make a splice in deep water. Such 
operations will have to be carried out if repairs are necessary 
after the cable has been laid, but inevitably introduce some risk 
of the cable kinking; the initial laying will be planned to avoid 
them. All repeaters will have been jointed into the cable before 
it is loaded into the ship. 

A period of 12 days during which continuously good weather 
conditions may be anticipated is necessary in order to cany out 
the main operation without undue hazard to the repeatered cable. 
In the North Atlantic such conditions are unlikely, except during 
the period from mid-May to mid-September, and it will not be 
practicable to lay both the cables on the main crossing in one 
summer. It is planned to lay one of these cables during the 
summer of 1955 and to complete all cable-laying operations 
in 1956. 

• The tons referred to here, and in the paper generally, are long tons of 2 2401b. 


Fig. 14.—Cable-laying machinery on H.M.T.S. Monarch. 

A. Cable tank (there are four). 

B. Crinoline. 

C. Crinoline block and tackle. 

• D. Jockey gear. 

E. Paying-out drum. 

F. Dynamometer. 

G. Stem sheave. 

All cable gear has a minimum radius of 3ft Sin. 

The essential parts of the after cable ^paying-out machinery 
on Monarch are shown in Fig. 14. Although the flexible 
built-in repeaters are designed to be handled as part of the cable, 
it is, of course, desirable not to bend them to a small radius. 
New cable drums of approximately 7 ft diameter are being fitted 
on the Monarch, this being the largest size that can be accom¬ 
modated without major structural alterations. Bow and Stem 
cable sheaves will also be made this diameter. Roller guides with 
a minimum radius of 3 ft 6in will replace the existing spider 
wheels and “spectacle” guides throughout the ship, in order to 
ensure freedom from sharp bends and an easy run of cable from 
the tanks during laying. Various devices which proved suc¬ 
cessful when laying the Key West—Havana cables will be fitted to 
ensure that the repeaters conform to the curvature of the cable 
drums and to ease their passage round the drums and at other 
points. 

Three new dynamometers will also be fitted, two forward and 
one associated with the paying-out gear aft. Sheaves of 7 ft 
diameter will be used, associated with electrically-sensitive 
pressure cells. The latter will be arranged to operate indicating 
and recording instruments on deck and in the test room, and will 
enable the tension on the cable to be controlled closely as it is 
paid out. 

The laying of the cable between Newfoundland and Nova 
Scotia will present no special problems, but an electrically driven 
hoist has been fitted over the ship’s bows to facilitate handling 
the rigid repeaters. 

(12) CONNECTION OF CABLE SYSTEM TO AMERICAN, 
CANADIAN AND BRITISH (AND EUROPEAN) INTERNAL 
TELEPHONE NETWORKS 

A description of the cable and radio-relay systems which will 
be used to extend the transatlantic circuits from Oban to London 
and from Sydney Mines to New York and Montreal would be 
outside the scope of the paper, and in any case, systems of the 
same kind have already been extensively used in the countries 
concerned. It may be of interest, however, to indicate how the 
connections will be made. From Oban the transatlantic circuits 
will be taken to London by carrier cable; there will be two 
alternative routes, one via Glasgow and the other via Inverness 
and Aberdeen. In London it will be possible to connect any 
transatlantic circuit to any one of the existing submarine-cable 
circuits to the continent of Europe, thus providing through cable 
communication between North America and continental Europe. 
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The much lower power drain of the transistor 
shomd overcome this obstacle and permit more repeaters ifto 

ne^ vf “ transmitted Rugged! 

ness long life and small size are added attractive features of Se 
tosistor which are of not inconsiderable toporTanTto tte 
futoe development of submarine cables. ’“P°"ance to the 

submarine television cable is a long-ranee eoal 
worthy of serious study and by no means to briSed ^ 
impractical of eventual attainment. uismissed as 
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African side a microwave radio-relay system will connect 
Sydney Mines with Portland (Maine). This type of 
w^ch makes use of line-of-sight transmission 
stations, has already been extensively installed in the United 
States as a means of providing long-distance telephone circutts 
of the same quality as cable circuits. From Portland th! ? ! 

cfblf rfdloX 

Cable connection to Montreal will be effected at a point on the 
radio-relay system near the United States-Canada border. 

(13) CONCLUSION AND SPECULATION 
Bammg unforeseen and unexpected delays, 1956 should ACKNOWLEDGMENTS 

completion of the first transatlantic telephone connection via concept of a transatlantic telephone cable owes its origin 
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to ensure success. It has called for extraordinary devices and 
for imagining all possible causes of trouble that may show up 
and for having means to deal with them. 

One method of making such a repeatered cable was proposed 
in the 1942 Kelvin Lecture,* and repeaters of the type described 
therein, with important improvements subsequently added, will 
be used in the long deep-sea section of the system. The link to 
connect Newfoundland and Nova Scotia will employ two-way 
repeaters developed by the British Post Office. Experience to 
date with installations of both types of repeater has demonstrated 
their practicability. 

So radical a venture can be justified only by great value to be 
gained, and that value is indeed very great in the present instance. 
Although the transatlantic telephone service now provided by 
short-wave radiotelephone systems has become commonplace, 
it is still short of the perfection of long-distance overland tele¬ 
phone transmission provided by coaxial cable and radio relay 
systems. Furthermore, oversea short-wave radio is on occasion 
subject to impairment or complete interruption by magnetic 
storms. Even when radio circuits are working well, there are 
not enough channels available in the short-wave spectrum to 
satisfy the ever-growing demand for public service. The pro¬ 
vision of this telephone cable service across the Atlantic will 
surely lead to greater demand; this, in turn, will lead to more 
cables, and I expect that cables will become the backbone of 
transatlantic telephone communication. 

Confident as I am in the practicability of repeatered submarine 
cables and the need for them, I am equally sure that the present 
designs are not the ultimate and that still better cables will 
follow. Just as this first edition of a broad-band transoceanic 
telephone cable system has been made possible by new materials 
and techniques hatched in the laboratory, so will improvements, 
many of which are now under way, come into being. 

Making the present project a joint undertaking brings to it 
the products of two similar but different lines of development. 
This is significant of the spirit which has long characterized the 
co-operation between the Bell System engineers and the engineers 
of the British Post Office. Out of this co-operation will come 
benefits which will contribute to future progress. 

CoL Sir A. Stanley Angwin: Having been particularly interested 
in the first development of transatlantic telephony by radio and 
in the first proposals for a submarine telephone cable, I am very 
pleased indeed to have the opportunity of contributing to the 
discussion on the project outlined in the paper. 

This paper, with its picture of the growth of the North Atlantic 
wireless system and account of the first work on submarine 
repeaters, is of particular interest to The Institution as a corollary 
to the 33rd Kelvin Lecturej- given by Dr. Buckley in 1942, which 
I had the pleasure of presenting; and I myself had the oppor¬ 
tunity, in my Presidential AddressJ in 1943, of giving some 
indication of what was being done and contemplated in the 
United Kingdom. (That Address was, of course, made with 
many restrictions as to what could be published while the war 
was in progress.) 

The tremendous impetus given to long-distance wireless from 
1928 onwards stimulated the cable interests into consideration 
of the possibility of long-distance submarine cable telephony. 
An indication of the progress made is the extension of the band¬ 
width from that of the first transatlantic cable, 1 •5c/s,to 100 c/s 
on the continuously-loaded telegraph cables, and to 144kc/s 
on the new telephone cable. 

The conclusion has now been reached that the ideal should be 
the judicious combination of radio and cable for transoceanic 

* Buckley, O. E.: “The Future of Transoceanic Telephony,” Journal I.E.E. 
1942, 89, Part I, p. 454. 

t Op. cit. 

t Journal I.E.E., 1944, 91, Part I, p. 15. 


conditions. In this particular case, not only will telephony by 
cable be added to radiotelephony between the United Kingdom, 
Canada and the United States, giving a much more efficient 
service at all times, but the possibility is added of telephony 
from the United Kingdom to Australia and New Zealand over 
the cable and the trans-Canada line network, and thence by 
radiotelephony on the Pacific route, thus improving the through 
telephony service to the antipodes to the extent that it will 
operate over those periods when it is impossible on the direct 
radio link. 

One of the outstanding factors that may be deduced from the 
paper is that the mechanical problems which have to be met in 
this undertaking are more critical than the electrical ones. 
Fundamentally, the solution of the repeater is similar in the 
United Kingdom and in the American design. The greater 
difference is in the housing—one articulated and flexible, the 
other bulkier and rigid. There is a feeling of confidence in the 
design on the electrical side, a confidence inspired by exhaustive 
research and experiment without which this great work could 
not have been undertaken. On the mechanical side the con¬ 
ditions to be met are less determinate and the risks difficult to 
cover by a factor of safety. This is perhaps the most difficult 
feature and one to which much thought and trial have been given. 

Other problems are more intractable. The difficulties of cable 
laying in the Atlantic at depths down to 2 300 fathoms are 
touched on in the paper. There have in the past been many 
epics of cable laying and cable repairs, from those of the laying 
of the first transatlantic telegraph cables to the more recent 
attempt to restore the Porthcurno-Harbour Grace cable in 1944, 
when 36 “drives” were made by the cable ship in a period of 
40 days in conditions of fog and storm and other difficulties 
which prevented successful repairs. Indeed, restoration was not 
finally carried out until 1952. I feel that, when the first trans¬ 
atlantic telephone cable has been well and truly laid, great credit 
will be due to the seamanship of those who overcome these 
hazards of nature. I hope that this phase of the undertaking 
will be recorded and in due course brought before The Institution. 

Sir Archibald Gill: Sir Stanley Angwin has called attention to 
the fact that many of the problems involved in this project are 
mechanical. One of the greatest problems, of course, concerns 
the gland in the repeater, and I feel that more detail might be 
given of that very interesting item. I have understood most of 
the paper except the reference to the material Vistac. 

Sir Stanley has referred to the fact that this is a joint paper, 
submitted to The Institution and to the American Institute. 
Many will recall that, shortly after the first transatlantic radio¬ 
telephone service was opened in 1927, we held a joint meeting 
of The Institution and the American Institute of Electrical 
Engineers which was conducted over that radiotelephone service. 
I should like to suggest that, when this project is completed, 
another joint meeting between the two bodies should be held. 
I feel certain that both the British Post Office and the American 
Telephone and Telegraph Company will consider the suggestion 
sympathetically. - 

I have been interested in some of the financial implications of 
this project. Looking at the length of cable involved in the 
transatlantic section and knowing little about the present cost 
of these things, I should guess—it is only a guess—that the cost 
of this part of the project will not be much less than £7 000 000, 
and it may be more. Taking a figure of £7 000 000 and allowing 
interest at 3^%, we get a figure of £250 000 per annum for 
interest, while amortization over 35 years will mean another 
£200 000 per annum, or a total of £450 000. To maintain the 
cable it will probably be necessary to have a special ship costing 
something of the order of £100 000 per annum, thus making 
£550 000 per annum. 
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much about that because it k notin’- necks. However, with the magnificent co-operation which 

that, to get full value from a r^hlfnf tn ^ believe everyone is giving to the scheme, including the British Post Office, 

calls it is necessarv to have fwn n handling personal the Canadian Overseas Telecommunication Corporation, the 

while one operator is connecting each end, because Bell System, and the manufacturers of the cable and equipment 

the calHhe mherlJ maki g monitoring on both sides of the Atlantic, and with the ability of the people 

next call. This means fou? operatoTs^for S of assigned to the scheme by these organizations and their intense 

provided,\clu1?ig over^^^^^^^^^^^ at IToS oTlessTha^£m 00 ^' """ 

per annum, which brings the total to £670 000 n^r t ~ pumping petrol across the English Channel during the war was 

There ar; only 2Tb?^h?ess £ls1n the 0"*^ because of 

days, Sundays and public holilL so tLfto ^ f throughout by the Post Office Engineering 

would be necessary to take about’£2 703 per dav tLITI department and by the cable industry. The electrical engineer- 

only 3i- hours in the day, because when it is^9a m ^.Tp^x; v v If® project described in the paper is one in which the inevitable 

it is 2p.m. in London, and when it is 1 p m there it is 6n m hazards and risk of damage are greatly increased by any lack of 

and the New Yorker is goffirtflunch and the ^^^^o experience makes me very 

going home for the day. Thf homfavailable for cS^^ herff '' continuity, 

are really from 2p.m. to 6p.m. G.M.T. • allowing a au’arter nf The U.S. snake-type repeater is a most ingenious step towards 

hour at ear.Ii f^.nrl to TTrot-^-M -A’ ^ ^ quarter of an achieving this continuity of lay, but it is stated in Section 6 of 

the paper that “it \X/5^C C»r^r\C»fATnf +'P\r»+ i-T 1-.v. *_ _ i 


1 , —^*5 d. uucirier or an 

?arh a ^ to warm up gives about 31 hours’ operation 

each day. Even with two operators per circuit per end it is not 
practicable to get more than 30 paid minutes out of an hour on 
circuits such as these, so that the total paid minutes per circuit 
per day would be about 100. 

i^ charge for a call from Britain to Canada by radio 

n*:. a ^ circuit could earn £100 

per dflV HnnnCT tUo 1 _ . .. . - 


- ^ uui, iL IS siaicu in oection o of 

the paper that “it was apparent that, if means for laying and 
recovering the large repeater housings in deep water without 
damage to the cable were later developed, the design”—that is, 
the British development—“would provide great flexibility in 
repeatered cable systems of the future.” The mechanical 
engineer will certainly take up this challenge and will not be 
satisfied until he has devised means for the continuous handling 
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per day during the business hours—a total of £3 600 per dav— tu he has devised means for the continuous handling, 

so that costs would be covered as soon as that amount of tnffio cable tank into the sea, of the type of repeater best 

was reached. When the cable is first opeS oTcourse ffifro '''v requirements, 

will not be enough traffic to occupy all that time but as soon a« h proposals^ for achieving this continuity of lay are 

the traffic approaches about 75 % of the cable canacitv the cost considered. Fig. A shows a caterpillar design of which a 

ought to be covered. During weekends evenffiS E ^niple version was used for Pluto. The cable is controlled by 

there will be a certain amount of traffic which I have not includerl fixed to the links of two endless chains which can be 

1 C _ ave not included, driven or braked. There is hydraulic control of the pressure 
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which will increase the income. On the other hand there wilTbe 

Iffiid n?r Newfoundland’to the main- 

iand of Canada and onward to New York. On the whole it 
looks as if the cable will be able to pay its way. 
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P ucuiany to H.M.T.S. Monarch. The Monarch was built 

during the last war, when we could not try very many experiments 

If a^nlw^cableT'which preceded her! 
it a new cable-laying ship were to be built, I think that there 

be included. One possi- 
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of the grips on the cable. When the repeater is to be passed 
through, the hydraulic pressure is released, wedges are with¬ 
drawn and the grips can be opened to allow the repeater to go 
through. Two complete units would be used in tandem, one 

to b^pa^ed^^ repeater 
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first stage m an attempt to use cable drums 
cable IS impossible to take the rigid repeater round the 
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^ ^ arrange the ship rather like an aircraft carrier The the repeater? 

with the funnels and bridge structure on the starboard side’ carried nn was to mount two drums, each on two axles 
leaving the deck completely free on the port side. This would ab^itl ee f '^bole to be rotated 

give ample deck space for handling and jointing and make it geared to ^tlf ^ ^ The two inner drums were 
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Mr Cifrnfl ^ ° woldd like to be here, such as Dr. Kelly and use two simnle^shM ^ dispense with the four drums and to 
^aae^TAh”™ n"‘’° interested in and actively shim atTe rt^f’ f “ H*- Cffl. The two forward 

S hsdXl f'tot, the public in our countrj Sf oto illustration are one above 

times f^l stirred by the project, and we some- ’ Providing room for the repeater to pass between 

tunes feel tnat we have a million eyes looking at the back of our 4»dS,V:°5r'-» ./r. 
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them, while the two aft sheaves are in the erect position, providing 
control of the cable. The frame carrying the sheaves can be 
rotated by the worm-and-worm gear shown in Fig. C(ii), about 
two centres, one of which is midway between the sheaves and the 
other on the axle carrying the upper sheave. In Fig. C(ii), the 
aft sheaves have been opened to allow the passage of the repeater 
and the repeater is seen about to be launched into the sea from 
the special launching gear. In order to prepare for the passage 
of the next repeater, the launching gear will be hauled back to 
the position shown in Fig. C(i) and the aft sheaves will be rotated 
so that the axle of the upper sheave engages in the bearing; the 
frame carrying both sheaves is then rotated about this centre, 
bringing the lower sheave in a clockwise direction to pick up 
and control the cable, when it will be in the position shown in 
Fig. C(i). The change of the centre of rotation and the launching 
gear enable the repeater to be handled solely by a straight pull 
on the cable near the repeater glands, and the repeater travels 
in a straight line until it enters the launching gear. 

The authors have said, and Dr. Buckley has agreed, that the 
submarine-cable art is a conservative one, and that experience 
over a hundred years has shown that when handling deep-sea 


Fig. B.—Model of paying-out drums. 

(i) Repeater passing between drums. 

(ii) Turns of cable on drums. 


Pig. c.—Model of paying-out gear. 

(i) Repeater about to enter forward sheaves. 

(ii) Repeater about to be launched. 

submarine cables on the high seas it is better to be safe than 
sorry. Mechanical engineers are determined to develop gear so 
reliable and so easy to operate and maintain that it will win 
the confidence of marine engineers to such an extent that, alter 
one or two lays, they will no more think of dispensing with this 
type of laying gear than they would think of dispensing with 
steam propulsion and going back to sail. Electrical engineers 
may therefore confidently design the repeaters they want and 

they will be handled without shock. 

Major-General Sir Leslie NichoUs: Why is the route for this 
cable entirely undersea? I am sure there must be a very good 
reason for this, but could unattended shore repeaters have been 


Fig. A.—Caterpillar winch for paying out submarine cable 


(i) Side elevation. 

(ii) End elevation. 
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chosen and the cable landed in Iceland and Greenland? Sir 
Archibald Gill quotes the cost as £7 000 000, but I believe that 
the estimated cost is £12 500 000, so that his arithmetic will 
have to be revised. 

The use of the one-way snake-type repeaters, as opposed to 
the British pot-type of 2-way repeater, means that the cable has 
to be duplicated, which must increase the cost of the project 
enormously. We in Cable and Wireless are naturally very 
interested in it, because we feel sure that the project will be 
successful and that it is going to set a pattern for repeater tele¬ 
phone cables, e.g. to South Africa and South America via 
Gibraltar or Bathurst. It seems that some three or four years 
must elapse before another project of this magnitude can be 
engineered. However, when we have more information as to 
its success or weaknesses, it will set the pattern, and I hope 
that this country will be the first in the field with telephone 
cables to the Commonwealth. There should be an enormous 
future for them. 

Brigadier L. H. Harris: Several speakers have referred to 
mechanical engineering difficulties. We did have difficulties 
with glands and casings, but now we feel that we have solved 
the gland problem once and for all and we are looking forward 
to having machinery that will stream out rigid repeaters much 
as Mr. Hartley describes. 

The worrying problem from the earliest days of shallow- 
water repeaters has been to find components and valves with a 
predictable life of 20 years. Even in shallow water the loss per 
fault is of the order of £5 000, and bearing this in mind I 
remember asking the managing director of one firm the price 
of a capacitor with a £5 000 guaranteed life of 20 years. He 
said that it would be £5 000. Two years ago, when the Post 
Office and the Bell System had to decide upon the engineering 
of the system described in the paper, the latter was in a position 
to stake its reputation on 6 000 components. In the United 
Kingdom we were catching up rapidly, particularly with our 
valve, but had not the years of evidence behind us. It was not 
difficult, therefore, for the Post Office engineers to accept this 
already proven system, although it necessitated two cables in the 
main span against our own preference for a system of two cables 
each with both-way repeaters. Although we are satisfied with 
our components now, it would be useful if some neutral reference 
laboratory had the task of continuous life-testing of all com¬ 
ponents as they came on the market. 

The number of circuits to be obtained from a system is pro¬ 
portional to the square of the number of repeaters, and this 
“carrot” may lead to over-ambitious systems. The determining 
factor must be the minimum repeater spacing (and this I believe 
should be more than that given by simple proportionality with 
the depth^ of water) which will give prospect of maintaining the 
system without appreciable accumulative degradation over the 
years. This must be so until such time as we have a cable with 
distributed amplification or some system of automatic regulation 
to avoid the problem of maintaining meticulously spacings and 
levels in the face of the whims of the unruly elements which 
oppose our cable ships. 

Mr. J. N. Dean {read by Dr. E. W. Smith): My experience 
as_ a maker of submarine cables leads me to believe that in 
this art the electrical engineer must lean towards chemistry and 
physics, and certainly the chemist must have strong leanings 
towards electrical engineering, although I do not want to suggest 
that either of them should lean too much or too often. I believe, 
however, that there is a tendency to treat this subject too much 
from ffie electrical standpoint and not enough from the chemical 
and physical ones. A project of the nature of the transatlantic 
cable, apart from the vital importance of its economics, national 
prestige and safety in defence, involves pure science, particularly 


chemistry and physics, and also chemical engineering, to a very 
gi-eat extent. 

The teams on both sides of the Atlantic have done a wonderful 
job in combining all the sciences to make this project one of the 
outstanding advances in communications of our time. To do 
this they have included an intense study, down to the minutest 
detail, of the chemistry and physics of all the components of the 
cable and equipment, and also of the mechanical and chemical 
engineering involved in their manufacture. In achieving this 
they have both drawn on the valuable work contributed by 
other equipment manufacturers and the cable makers. More¬ 
over, what must not be forgotten is that they have drawn heavily 
on the traditional knowledge built up by the pioneers who laid 
the early cables and of the engineers, naval architects and sea 
captains who have kept the knowledge up to date. 

Dr. E. W. Smith: It will be noticed that the centre conductor 
of the cable is a composite structure using three tapes. British 
practice for some time has been to use six tapes, possibly because 
of the imagined necessity for more mechanical security, but 
also because six tapes were easier, in the British view, to form 
round a wire with the necessary precision. While I have no 
quarrel whatever with the present design of the cable and 
thoroughly support the continuance of a type which has been so 
well proved over so many hundreds of miles, I feel that in the 
future there is a strong case for replacing this composite con¬ 
struction by a single solid conductor. 

This type has already been adequately proved by its use in 
2 000 miles of really deep-sea telegraph cable, and has actually 
been used on some shallow-water coaxial cables. One of its 
advantages is that it saves at once about 3 % of the attenuation 
of the cable. I have not found any real evidence of better 
mechanical protection in conductors by the composite structure, 
and I do not know of any case of continuity being maintained 
through one or more unbroken tapes in an otherwise fractured 
conductor. I except certain joints of early type, now obsolete. 

In the repeater there is a 7ft tube through which the cable 
passes to the interior, and which is filled with Vistac. This 
prevents the ingress of water from the outside, but if the con¬ 
ductor still continues down this tube as a composite structure I 
think that it will allow water to penetrate almost as far as the 
glass-metal seal. _ This type of conductor, if tested with one 
open end in a cylinder under hydraulic pressure, will pass water 
at the rate of several hundred cubic centimetres per hour; and, 
since the water will arrive eventually in the conductor by 
diffusion through the polythene, it seems that it will get very 
close to the glass-metal seal. This component will no doubt 
look after the danger, if it exists, but this is another argument 
for the solid conductor, which contains no crevices to fill with 
water. 

In ^ the flexible repeater the space available for the electrical 
circuits seems to be about 200in^, while in the rigid type it is 
no less than 2 OOOin^. I appreciate that much of this difference 
is due to the 2-way circuit in the latter case, but how much is 
actually accounted for by the directional filters and so forth, 
and how much is the result of the designers’ feeling that, free 
from the necessity to make the repeater behave like cable, they 

can give themselves real spatial comfort? 

The authors say that the first coaxial cable of modern type 
generally similar to that described was laid in 1937. This was 
insulated with paragutta, and was therefore sufficiently different 
from the present type to excuse a further retrospect to 1929, 
when coaxial cables were laid across the Straits of Gibraltar and 
between the islands of Tenerife and Gran Canaria. Although 
provided with an outer conductor of a large number of wires, 
these cables^ were characterized by a notable increase in the 
dielectric thickness compared with past practice. The ratio of 
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diameter of conductor to that of insulation was 3 • 25, which is 
not too far removed from the calculated optimum—^from the 
attenuation point of view—of between 3 • 5 and 3-6. 

Captain W. H. Leech: We hope that this transatlantic cable 
will be working at the end of 1956, and every care has been taken 
that the route selected should avoid known trawling grounds, 
ships’ anchorages and the possibility of damage by grounding 
icebergs. Whilst we do not expect any faults, we must have 
regard to the fact that we may have a catastrophic failure, and 
that we must be able to repair these cables as quickly as possible 
should such a thing happen. Apart from the Monarch, there is 
only one ship in the vicinity of the North Atlantic capable of 
repairing either of these two cables during the winter months, 
and I think that we therefore need one additional cable repair 
ship, if not two, able to go out into the Atlantic to effect a 
repair in all weathers. I do not quite agree with Sir Archibald 
Gill when he suggests a “flat top” for a cable ship; I prefer masts 
and funnel on the centre-line. 

We need a cable ship of about 4 000 tons, with a speed of 
15 knots. A speed of 10-11 knots is too slow when it may be 
necessary to go 1 000 miles to reach a fault. Provision for all 
our equipment, including larger cable buoys, heavier cable¬ 
laying machinery, testing-room space and possibly machine shops 
in which repairs to the repeaters can be made will be necessary, 
and we also want the ship to be able to stay in the Atlantic in the 
winter for long periods to complete the repair. 

I know that it is far simpler if we can have machinery which 
will pay out a cable with rigid repeaters without stopping, and 
I am very happy to learn that the mechanical engineers are 
solving that problem. Our present gear for paying out aft is 
very simple; it is really a drum with a brake. Our equipment 
has to operate under the most arduous conditions: it must work 
in the tropics, when possibly the bitumen of the cable is running 
off over the working parts of the gear, and it has to operate in 
northern latitudes, in snow and icing conditions; it must also 
run without stopping, because we cannot stop to repair it. I 
therefore ask the mechanical engineers to make any equipment 
simple, robust, easy to maintain and very reliable. Before we 
install it on a ship it should be thoroughly tried out ashore 
under all the conditions which we meet with at sea, with salt 
water playing on it at varying temperatures, so that we can be 
sure of getting something very reliable. The seven repeaters 
which we laid recently in the North Sea were laid in boisterous 
weather—almost a gale—and at night as well as during the day. 
We are confident that we could have gone on and laid fourteen 
if necessary. We are quite happy, therefore, about laying the 
Terrenceville-Sydney Mines cable, provided that we are not 
delayed, and have to do it at a time when hurricanes such as 
“Hazel” are coming up the east coast of America. 

I do not think that kinks are put in when cables are laid; 
kinks are put in when recovering cables or when making a 
splice and the ship is rising and falling in a swell. We have 
recovered many hundreds of miles, as have other cable ships, 
from depths of 3 000 fathoms. We can carry on picldng up 
many miles of cable without kinks if the ship is not allowed to 
overrun the cable. When picking up it is possible to put a 
kink in at any time, if care is not exercised in the handling of the 
cable ship. 

Mr. F. C. Wright: In Section 4.3 the authors say “Cost, 
fortunately, is a less important factor than it is in most other 
applications.” I am not disagreeing with their opinion, but I 
am most definitely disagreeing with the words in which they 
express it. I would say that in a project of this magnitude and 
importance, and where the results of failure can be so dire, no 
engineer could possibly contemplate its engineering if he kept 
an eye on the cost of the equipment. The intrinsic value of 


many of the parts which go into these repeaters may be no more 
than a few pence, but it must be recognized that, in order to 
get a part worth intrinsically a few pence, it may be necessary to 
expend an equivalent number of thousands of pounds. 

For that reason, the 5-step philosophy of the Bell Laboratories, 
which is so simply and ably expressed in the same Section of the 
paper, is more than fully justified. If there is one step in the 
five which perhaps in the final analysis is the most important, 

1 think it must be the last, namely to develop the worker’s 
faculty of self-criticism; because, however careful one may be 
in choosing the materials and processes, etc., in the final analysis, 
if they are not put together with the highest standard of self- 
criticism by the worker, it is inevitable that there will be some 
hidden fault or failure of the human element which will largely 
nullify many of the other steps which have been taken. 

In Section 5 it is stated that the suitability of the torpedo type 
of repeater for use in very deep water has still to be established. 
On that point, I should like to say that, more than a year ago, 
two such repeaters were laid and recovered several times in over 

2 000 fathoms of water. In one of these was included instru¬ 
mentation of the type described in the paper, and in all respects 
the results which were obtained and the experience gained have 
given every ground for confidence that this design is appropriate 
for projects in deep water. During the past summer a further 
repeater has been laid and is to-day operating in 800 fathoms 
satisfactorily. I think that it can therefore be said that, while 
further experience is no doubt called for, all that is known to 
us to-day—and the successful conclusion of the North Sea 
cable to which Sir Gordon has referred is more evidence in the 
same direction—encourages us to believe that we should be 
ready and able to undertake a project of this type. 

Mr. R. M. Chamney: I should like to say something which 
is of interest from an historical point of view; it has never come 
to light, because of the 1914-18 War. An old colleague of mine, 
now dead, Mr. C. Robinson, and I were working in the Post 
Office Research Department over 40 years ago and were dealing 
with the design and development of amplifiers. We had got 
quite a long way in 1913, and by early in 1914 the amplifier had 
reached a stage where we could quite confidently expect it to 
give excellent results under various difficult conditions. We 
actually designed a route for a cable from Scotland to Canada 
which would give three circuits, going from Scotland, probably 
via Shetland but possibly direct, to the Faroes, from the Faroes 
to Iceland, from Iceland to Greenland, from Greenland to 
Labrador and from Labrador to Newfoundland. Unfortunately, 
with the outbreak of war in 1914, the scheme never reached 
maturity; nor did we discuss it with the Americans; but I should 
like to put it on record that even then, 40 years ago, we were 
thinking of transatlantic cables of this type, and I believe that 
the project could have been quite easily carried out at that date. 

With a coaxial cable and an infinite number of repeaters there 
can be an infinite number of circuits for an infinitely small cost, 
in other words, there are simply repeaters and no cable. Unfor¬ 
tunately, a submarine cable must be laid at the bottom of the 
sea, and must be recovered and relaid if there is a fault in a 
repeater. Some years ago I calculated the most economic 
distance for submarine submerged repeaters for a transatlantic 
or other long deep-sea cable, and I came to the conclusion that 
something of the order of 40 nautical miles was about the 
normal distance for their spacing. I am very pleased to see that 

the authors more or less agree with that. 

Mr. D. T. Hollingsworth: There seems to be a difference ot 
opinion as to whether kinking is caused during the laying or the 
recovery of the cable, and even whether it occurs at all if the 
cable is laid in a proper manner. The authors imply that it 
can be avoided if the tapes and other constituents of the cable 
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are all laid m the same direction. I should like to have their 
explanation of the mechanics of kinking and of how, if tapes 
are all m one direction, it will be avoided. 

? f their opinion on the degree of hazard which 

exists if kinking occurs. I gather from the paper that, so long 
as the cable is laid in the correct manner, this hazard is not 
^eat, ut the authors hint that it may be serious when repairing 
the cable, and I should like to know how serious they consider 
this hazard to be. 

Mr. J. A. Smale: Since quite a lot of the discussion is centred 
on the question of the laying and possible kinking of the 
cable I would, draw attention to the existence of a paper* which 
deals with this_ whole problem very fully. I suggest that some 
relemnce to this paper might be made, particularly as it is one 
01 the few dealing with the subject of laying and recovering 
submarine cable, and it answers many of the questions which 
have been asked during this discussion. Kinks are not intro¬ 
duced during a steady pay-out, but only after the cable has 
been hanging at the bows or after a pick-up—conditions which 
might result during the paying out of the actual repeaters and 
the making of the final splice. 

_ In Section 2.2 the statement is made that after 1908 the next 
important event in transatlantic communication was the establish¬ 
ment of a commercial radiotelephone service in January, 1927. 
Although the Section deals with radio circuits, it might be more 
correct to use the words transatlantic radiocommunication; 
even then, the statements are incoi-rect, because in 1926 the 
Marcom-Franklin beam circuit was opened between the United 
Kingdom and Canada. This beam circuit was put into com¬ 
mercial use for telegraphy, but it did, in fact, demonstrate the 
availability of a highly satisfactory radiotelephone circuit. 

Mr. W. J. Archibald {communicated): In Section 8.3 of the 
paper the^ authors state that the feedback in the American 
repeaters is effectively removed over a very narrow band of 
frequencies. Will they indicate the magnitude of the dip in the 
jup characteristic and the actual minimum value of /xS reached 
at the frequency at which the dip is centred? One would expect 
a large dip in to affect the phase margin of the amplifier 
while at the same time the actual value of 11 - at the centre 
frequency should approach unity if variations in p, due to ageing 
of valves, are to be measured accurately at the end of the system. 

Mr. J. J. Gilbert {United States: communicated): The authors 
have clearly indicated the difficulties and risks involved in the 
repeatered transatlantic telephone cable. Success will be 
attained only by adhering closely to the accumulated engineering 
experience and by use of the utmost care in the manufacture of 
repeaters and cable. Cable manufacture will be of unpre¬ 
cedented difficulty. Perhaps the most interesting requirement 
on cable performance is a consequence of the need for impressing 
on the cable insulation potentials of the order of 2 000 volts, 
in order to supply power to the repeaters. Until comparatively 
recently it was considered unsafe to employ much more than 
100 volts on long submarine cables. This restriction was based 
in part on sad experience in applying a high voltage to one of 
the early transatlantic cables; but there was also realization that 
joints in insulation were not as strong electrically as the insula¬ 
tion itself. In the polyethylene cable, jointing has been studied 
intensively with the aim of obtaining a molecular bond rather 
than mere physical contact between the surfaces to be joined. 
The joint is then as strong and as lasting as the insulation itself. 
To gain still further assurance, the number of joints is reduced to 
a minimum by insulating the conductors in unusually lone 
lengths. 

Assurance of permanence and continuity of insulation and 

/.:££^,^1933^72j Recovery of Deep-Sea Cable,” Journal 


conductors presents many problems to the cable manufacturer; 
and there are others relating to the need, indicated in the paper,’ 
of achieving throughout manufacture predetermined electrical 
characteristics to an unusually high degree of precision and 
uniformity. 

_ Mr. H. V. Higgitt {communicated): I note with interest that the 
diameter of the sheathing wire of the deep-sea cable is 0-086in. 
This would be classed by the submarine-cable engineer as 
No. 14 wire (B.W.G. No. 14 is actually 0-083 in), as distinct 
from the No. 13 wire now usually specified to be 0-099 in in 
diameter (B.W.G. 0-095). This difference in diameter between 
No. 13 and No. 14 wire might at first sight seem unimportant, 
but when account is taken of the fact that torsional strength is 
proportional to the cube of the diameter, it can be shown to 
be very important. The importance of this is dealt with in the 
paper* by Besly and myself quoted by Mr. Smale. 

This choice of such a small sheathing wire for such a heavy 
cable (with well over half a ton per naut of copper alone), is 
surprising. The weak torsional strength of such a cable is of 
no important significance when paying out cable, provided that 
the process is continuous, but is very objectionable during 
stoppages in that process and during any subsequent repair 
operations. It would be interesting to know what guided the 
designers in the choice of sheathing size for the deep-sea cable, 
for it would seem that either they were not fully aware of the 
existing state of knowledge of the art or that other considerations 
made it necessary to accept the disability of low torsional strength. 

Mr. K. Konstantinowsky {communicated): I have no experience 
with deep-sea submarine cables but quite a lot with steel ropes 
for deep mine shafts, and I believe that there is a similarity 
between the behaviour of the two. The submarine cable contains 
a central part the cable itself—which does not contribute 
much to the mechanical behaviour of the finished cable and the 
armour which takes practically all the load. The same applies 
to steel ropes. I have in mind the inner part of such ropes, 
consisting of a hemp core which takes no load and the steel 
wire stiands laid up around it. It is common experience that 
steel ropes must always be under tension, otherwise there is the 
danger that kinks will be formed. 

There are, to my mind, two factors contributing to the for¬ 
mation of kinks in steel ropes. One is that a twist is put into the 
steel-wire strands during laying up, and the other one—mentioned 
m the paper ^is that variations in tension on the rope tend to 
twist and untwist the rope structure. The rope can be handled 
much more safely if the twist in the steel strands is reduced to a 
minimum. This can be done during manufacture if the strands 
are bent before final laying up in such a way that they assume the 
form, or nearly the form, of the spiral they will have in the 
final rope. There is not much that can be done, except the 
exercise of supervision and care, to make sure that the tension 
on the rope does not vary too much. 

Much effort is spent on controlling the tension on the sub¬ 
marine cable while it is on the cable ship, whereas it is impossible 
to do^ so with that part of the cable in the water, although 
variations of tension may occur, owing to the formation of the 
sea bed or during a rough sea. It appears that nothing has been 
done to reduce the twisting of the submarine cable by applying 
methods in the armouring process similar to those used during 
the laying-up process for steel ropes. Is this intentional? Can 
the authors give any explanation ? 

The authors state that buckling may occur if for any reason 
the twisting is localized. It seems reasonable to assume that it 
would be harmless if reduced, to a minimum, because dangerous 
localization would be prevented. Will the authors express an 
opinion on this? 


* op. cit. 
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Mr. A. L. Meyers {communicated)'. The formation of kinks 
during deep-sea operations is particularly liable to occur when 
picking up cable connected to a repeater. It is caused by the 
axial twisting of a helical layer of armour wires when subjected 
to longitudinal tension, and means for overcoming the difficulty 
will be of interest. 

The tension in the cable varies from a maximum at the surface 
to a minimum at the bottom, but the accompanying axial twist 
may vary differently.* Except in ideal weather conditions, the 
longitudinal tension is not steady; thus the rise and fall of the 
cable ship in an ocean swell causes variations of tension, and 
waves of diminished and augmented tension travel down the 
cable, accompanied by corresponding waves of axial twist. The 
repeater, owing to friction against the sea-bed or to its inertia 
when suspended, interrupts these waves, with the result that 
under the relaxed tension near the bottom the cable may be 
thrown into turns which accumulate at or near the repeater. 
The augmented tension when the ship rises, or when the cable 
continues to be picked up, draws the turns into kinks. Breakage 
of the cable under the full tension as the kinks approach the 
surface may make it impossible to recover the repeater. 

Twisting of a cable , under tension can be substantially eli¬ 
minated by the provision of two layers of armour wires, applied 
in opposite directions, with the lays so adjusted that an approxi¬ 
mate torsional balance is obtained. Such double-armoured 
cable, however, is considerably more expensive than normal 
single-armoured cable. It might be thought that an appreciable 
length of double-armoured cable could be used in the vicinity 
of the repeaters, spliced to single-armour cable which would 
comprise the majority of the section between repeaters. The 
objection to this is that the sudden change in the torsional 
properties of the cable at the junction between the two types 


again partially interrupts the waves of axial twist, and there is 
then a tendency for turns to be thrown and kinks formed at or 
near the junction. 

The suggested means* of overcoming the trouble is to use 
double-armoured cable next to the repeaters and single-armoured 
cable for the majority of the repeater sections, but to graduate 
progressively the torsional properties of the cable between the 
extremes of the two types, so that there is no large sudden 
change in torsional properties at any one place. Then the waves 
of axial twist will be progressively reduced in amplitude without 
serious partial interruption, and the tendency to throw turns 
and form kinks will be eliminated. The graduation of torsional 
properties can easily be achieved by continuing the wires of the 
single-armoured cable without alteration up to the repeatet, 
and by applying over them a second layer of wires in the 
opposite direction, the number of wires in the second layer 
and/or their angle of lay with respect to the axis being pro¬ 
gressively increased until substantial torsional balance is obtained 
in the double-armoured cable next to the repeater. 

In a works trial the length that could be tested was naturally 
limited; the magnitude of each step in the graduation was 
greater and the distance between steps much smaller than 
would be desirable in practice. In spite of this, when tension 
was applied through a swivel at the single-armoured end, the 
double-armoured end being anchored and locked, a severe 
untwist per fathom in the single armour diminished smoothly 
through the tapered portion. Treatment which was effective in 
throwing turns and forming kinks in single-armoured cable did 
not do so with the tapered double-armoured sample. It is 
intended to carry out a sea trial of laying and recovery next 
spring, which if successful should also lay the bogey of the 
practical difficulties of using rigid repeaters in deep water. 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Dr. M. J. Kelly, Sir Gordon Radley, Messrs. G. W. Gilman 
and R. J. Halsey {in reply ): We have been honoured by having 
the discussion opened by Dr. Buckley, to whom the submarine- 
cable art has owed so much for many years. To Dr. Buckley and 
to Sir Stanley Angwin, who has repeated the contribution with 
which he opened the discussion in Chicago, we express our 
thanks for their comments on the background against which the 
project was launched and for their confidence in its success. We 
are sure that The Institution will take note of Sir Archibald Gill s 
suggestion that when the cable is complete there should be a 
joint meeting of The Institute and The Institution conducted over 
the new service. 

It has already been made public that the overall cost of the 
joint project from the United States-Canada border to Oban is 
likely to be about £12 500 000; of this more than half will be 
spent on cable and repeaters between Oban and Clarenville. 
Without entering into the details of Sir Archibald Gill’s calcula¬ 
tion, we can say that all parties concerned are satisfied that the 
revenues should cover the operating costs and capital expendi¬ 
ture amortized over a shorter period than 35 years. In reply to 
Sir Leslie Nicholls, it is pointed out in the paper that separate 
cables for the two directions of transmission may be economic 
on long deep-sea routes with growing traffic requirements._ It 
must be remembered that the power voltage required sets a limit 
to the number of repeaters that can be inserted in a cable, and 
therefore to the maximum frequency transmitted. 

Everyone interested in transatlantic cables has looked at the 
northern route—Shetlands, Faroes, Iceland, Greenland, Labrador 
(or Newfoundland)—and a number of detailed plans have been 
investigated, the first following the failure of the 1858 cable. 

• Besly, j, C., and Higgitt, H. V.; Journal I.E.E., 1933, 72, p. 160, 


The maximum distance between landings would be less than 
1 000 n.m., and the route as far as Iceland would be easy. The 
two western sections, however, would be difficult to lay and 
maintain. In view of the ice conditions, cable could be laid 
between Greenland and Newfoundland only in the late autumn, 
when the days are short and the weather at its worst, and all- 
the-year-round maintenance would be possible only if an ice¬ 
breaking cable ship were used. There is also considerable hazard 

from grounding icebergs, . , i 

Sir Archibald Gill’s comments on cable ships are particularly 
welcome at a time when thought is being given to the changes 
required in their design and in that of cable machinery in order 
to meet future requirements. Captain Leech s long sea-going 
experience has rightly caused him to draw attention to the 
extreme conditions under which ship and machinery will have to 
work. Mr, Hartley has made considerable progress in the task 
of getting large rigid repeaters through the cable-laying gear. 
Solutions to the mechanical problems are needed quickly, 
because the usefulness of this type of repeater is in the immediate 

future. . . J 1 - J 1 

The problem of component reliability was underlined by 

Brigadier Harris; an added factor to be taken into account is the 
way in which the quality of commercial products manufactured 
at different times tends to vary. While we, as engineers agree 
with his remarks on ‘*over-aixibitious” systems, we must add that 
the desire to give maximum circuit provision must inevitably 
influence the design of future systems as it has that of the present 

main Atlantic crossing. . , u • * 

Mr. Dean has rightly stressed the importance of the chemist 

and the physicist in an undertaking of this kind. The processes 

* British Patent Application No. 29795, 1954. 
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universities and colleges to provide “many more graduate 
engineers” and to afford “extensive facilities for research and 
development in all branches of industry.” 

In my view there is a case for the improved training of selected 
men from the group pursuing the normal industry-based route, 
i.e. a five-year apprenticeship coupled with part-time courses 
leading to Ordinary and Higher National Certificates. This 
improved training should take the form of industry-based sand¬ 
wich courses of the type referred to by a previous speaker. The 
general plan for such a course might be: one year in industry 
with concurrent part-time attendance at a technical college 
followed by selection on merit for a subsequent four-year sand¬ 
wich course (6 months in college, 6 months in industry per annum) 
and finally a further year in industry coupled with post-graduate 
training. This type of course offers a wider and deeper training 
than is possible with existing National Certificate schemes. The 
existence of such courses should encourage boys from secondary 
grammar schools who might othervdse be attracted into other 
industries, to enter the electrical engineering industry. Such 
sandwich course schemes are dependent upon a large measure 
of co-operation from industry, as the students will need a main¬ 
tenance grant or the payment of wages during each period of 
six months spent at a technical college. 

The need for such sandwich courses giving improved training 
facilities to selected men from the industry-based stream has, I 
think, been emphasized by the authors, particularly by the con¬ 
clusions given in the last paragraph of Section 5. 

Turning to post-graduate evening or part-time day courses at 
technical colleges, the weakness mentioned under (a) in Sec¬ 
tion 4.2.2 may be overcome by arranging for a member of the 
full-time college staff to act as organizing lecturer, responsible 
for co-ordinating the work of the several visiting lecturers. 

The interwoven series of lectures given in the Advanced 
Engineering Course described by the authors appear to be a 
most valuable form of post-graduate training, with immense 
possibilities. Can the authors describe the method of selection 
employed for entrance to the course? Is the course intended 
mainly or solely for those graduates likely to be engaged on 
research or development work? 

The content of the Advanced Design Course (Section 7.3) 
appears at first sight to be unsuited to the needs of men with 
Higher National Certificates. The severely practical bias given 
to the lectures appears to be unnecessary for men who have 
presumably followed a five-year apprenticeship in the works. It 
may be, however, that the lectures are concerned with new 
developments in manufacturing techniques, rather than with 
standard methods. Perhaps the authors would enlarge on this 
point. 

Mr. A. J. Coveney (at Leeds): There is no doubt that the 
burden of scientific training has been for years the responsibility 
of the industry, and the paper indicates the advanced nature and 
the costliness of such training which has been undertaken by a 
large manufacturing organization in the electrical industry. Will 
the authors express their views on the merits or otherwise of 
setting up a specialized National College or Institution, sponsored 
by the Government and supported by both the industry and the 
universities, to give this advanced training to the electrical 
engineer? Such a college has already been set up by the aero¬ 
nautical industry at Cranfield, which, in addition to providing 
the post-graduate course, also provides the facilities for advanced 
technical research and training. 

There has been no mention of the Faraday House student. 
Possibly, in view of the sandwich course, the authors would 
recommend a different syllabus in the scheme for these students. 

With regard to interchange, I think not only should manu¬ 
facturers send their senior technicians to give lectures to colleges. 


but also, as mentioned in Section 4.2.3 of the paper, by the 
lectures already given by Prof. Carter, the colleges should like¬ 
wise provide certain lectures to students at manufacturers’ works. 

I would also stress the importance of exchange of students 
between the manufacturing industry and the supply world and 
vice versa. This interchange of knowledge with the various 
problems and difficulties concerning each section of the work 
would help to solve many of the problems of to-day and to reduce 
some of the delays in both planning and production. 

The authors refer to eight professorships and ten doctorates 
awarded in the last ten years to men from the industry. It 
would be interesting to know what sort of training these men 
received. 

The immediate problem is no doubt the acute shortage of 
suitable young men. With the demand for technicians in the 
Armed Forces and attractive appointments in the Colonies, British 
industry must provide suitable and equal prospects both in 
advancement and money, if it intends to retain its share of these 
younger men, and no doubt with the rising cost of living and 
taxation, the financial aspect is considerable. 

I would conclude by quoting the well-known old Chinese 
proverb: 

If you plan for one year, plant grain. 

If you plan for ten years, plant trees. 

If you plan for a hundred years, plant MEN. 

Prof. A. Tustin {at Birmingham): There is urgent need, with 
no fear of surplus, for a greatly increased flow of men with the 
knowledge, the keenness and the personal qualities to press 
engineering development ahead faster. The honoxirs degree 
standard, supplemented by two years of practical training, is 
only a beginning of the process of building up the knowledge 
and skill that these men require. They require, in general, more 
mathematics, and in particular a deep and intensive study of 
different sets of specialized topics close to their particular 
specialization. It is agreed that such men should be thrown at 
a very early stage into work that calls for creative and discrimi¬ 
native mental effort, and for the play of their highest qualities 
of intellect and determination. 

The controversial issue that is raised is whether such men 
would progress better in the long run, as a first alternative, by 
returning to the university for one, two or three years as post¬ 
graduate students, or as a second alternative, by being employed 
on development work in industry for the same period. It is 
important to note that the period in question is most usually only 
one year, and only for exceptional students should two or three 
years be contemplated. 

I suggest that both of these courses are inherently capable of 
giving the required result provided that certain conditions are 
met, and that we must change the question entirely from the 
form “whether A or B” to the form “how can we make both A 
and B effective?” 

I am well aware that post-graduate training in universities needs 
improvement; but perhaps even more so does post-graduate 
training current in industry. Let us find out what is wanted in 
both fields. In the first place, as Prof. Willis Jackson said in the 
discussion in London, there must be no question of doing away 
with research in the electrical engineering departments of the 
universities. Industry’s first demand on the universities is for 
first-class undergraduate tuition. It is, in my view, essential in 
the long run, if we are not to see the standards of undergraduate 
teaching sink to squalid incompetence, that a high level of 
research activity should be maintained in such departments. 

If research work is being properly carried out in engineering 
departments of the universities (and industry could and should 
help to see that this is the case), there is scope for training 
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there a limited number of post-graduate students. At present 
because, as the paper admits, industry is unwilling to release men 
to return to the universities, a very large proportion of such 
places as are available is being filled by foreign students, in some 
instances much more than 50%. Thus industry is throwing 
away a resource that is at its disposal. 

With regard to the training that can be given to a young 
iMn in industry, the authors should make more clear whether 
they mean their remarks to be taken to apply only to the organiza¬ 
tions with which they are associated, where they may be justified, 
or to industry as a whole, where I am sure they are not. The 
authors know quite well that in very many departments in many 
farms the real need is to get young but technically mature men 
into the departments who have a fresh outlook and have drunk 
waters of inspiration from some other fountain than the some¬ 
what stagnant pool of the department’s own inbred resources. 

For most of an engineer’s life, of course, his further studies must 
unavoidably be in parallel with his tasks of production, with the 
daily pressure of delivery dates, and the necessities of doing the 
job by the tools already to hand. The university gives a young 
man something else—it gives him time. Time to probe his 
problem to the bottom, to try unconventional approaches to 
read widely rather than narrowly, to draw ideas from discussion 
with a great variety of persons. 

To sum up, I would say that I believe the author’s scheme of 
training within industry is of excellent intention and of great 
potentialities, but even in their own exceptional organization it 
wi need immense devotion and effort to supervise it so that it 
will give anything like the results the authors hope for. I beg 
Jem also not to forget that, somewhat unsatisfactory as they 
think post-graduate training and research in the universities to 
be, It should be appreciated nevertheless that it is of overwhelming 
importance to the electrical industry that the work of university 
departments should be supported and strengthened, and that this 
reqmres the continued support of extra-mural research and post¬ 
graduate work. It is not at all a question of the research require¬ 
ments of industry being turned over to the universities; such an 
Idea would be ludicrous. The resources of personnel and 
materials of the university electrical engineering departments are 
trivial compared wi J those of the great industrial and Govern¬ 
ment research establishments. The point is quite a different one 
namely that their proper—if necessarily quantitatively small 
proportion of the total—research effort must be maintained and 
fostered within the walls of the universities. 

T Birmingham): There is a problem which 

I tninic rroi. Tustm describes under alternatives “A” and “B ” 
and this is a personnel problem which is not capable of a definite 

f. One can quite see, as Dr. Gibbs has pointed out, that 

II me individual remains at the university and does not get into 
mdustry until he is about 30 years old, he gets in a way set into a 
^oove; he has not been called upon to take responsibility for 
getting results, and if he does not do that until he is well on in 
years he may never get to exercise that responsibility. On the 
other hand it is perfectly true, as Prof. Tustin has said, that to 
cut short the best men’s post-graduate studies arbitrarily might 
be in certain cases a serious mistake. The problem seems to be 
not a question of whether it is alternative “A” or “B” in general 
but for each individual, and I see no option but to suggest that 
the university must give the indication whether the individual is 
such a person as ought to go on for several years. 

Prof. Tustin also referred to a point which occurred to me, 
that perhaps the organization with which the authors are asso- 
mated has rather special conditions; it is a very large concern 

^ technological training arrange- 

ents in_ Rugby. That does not apply to the same degree to 
farms in larger towns, nor to small firms in small towns. The 


Post Office is almost at the other extreme; it has a very small 
number of posts filled by men who might be taking post-graduate 
courses such as those mentioned in the paper. In Birmingham 
we should have perhaps six or seven, in Nottingham, Leicester 
and Coventry there would be only one or two, and none at all 
in the smaller towns. Obviously we have so few people that we 
cannot have the technical training establishments in the towns 
where the people are, and we are bound to depend upon the 
universities, apart from the fact that we do operate a National 
Trailing Centre for specialized courses on types of work with 
which the Post Office is particularly concerned. I am sorry I 
cannot quote comparable figures, but so far as I can remember 
the growth of_ technical staff in the Post Office has been very 
similar to that indicated in Fig. 1. I think the percentage quoted 
by Dr. Gibbs would apply fairly well to us also. I was very 
interested by Fig. 2. We have a somewhat similar system of 
grading, though not precisely comparable, since ours is a coarser 
grading dividing the men into five groups instead of nine. The 
main difference which would prevent a precise comparison 
is that we are really grading against “good average,” which 
means that as the new man who comes in is not then “good 
average, our new man goes to the “C” end, whereas the new 
man in Dr. Gibbs’s grading goes into “B.” I wonder whether 
that big “pile up” in “B” consists to any major extent of the 
new entrants. 

Mr. .1. H. Patterson (at Birmingham): Mention was made of 
the finished product.” We have a training scheme, and I have 
consequently had fairly considerable experience as regards this 
finished product”; I have been very disappointed indeed. 
Whenever a university graduate has been sent to me for a period 
J training, to learn perhaps more of the practical side than he 
has done hithertOj I always invite him to my office in order to 
outline the general run of what is intended and what we are 
trying to do. He is questioned to find out where his inclina¬ 
tions lie, and every endeavour is made to give him as much 
experience as possible in that direction. It seems to me that 
these people are “spoon fed” too much. My experience has 
been that they lack initiative to a very marked degree. The 
only man, in a matter of dozens, who showed any initiative was 
a Greek. He came and asked questions and I was very pleased 
indeed to do everything possible to put him on the right track. 
At the end of the period of training he was most grateful. I 
have found generally both a lack of initiative and inability to 
search round and find out information for themselves. 

I think a great deal depends upon the ability of the teacher 
himself. The teacher and mode of teaching is of the utmost 
importance. A poor lecturer can spoil a good student, and 
conversely, a good one can produce results from an indifferent 
type of pupil. I suggest that more initiative should be inculcated 
into the students so that it will be forthcoming as and when they 
go out into business. 

Mr. W. H. BeU (at Birmingham): On this question of research, 
the doubt is how fax people will find suitable leaders under whom 
to serre their research apprenticeship in industry. (It has been 
pointed out that the authors’ organization is exceptional in this 
respect.) I spent a good while in industry myself and on 
returning to the university realized with surprise how far the 
standard of research in industry is liable to fall below the best 
quality. 

It is the function of the universities to produce ideas, and not 
prototypes, thougli if some places in industry also produce ideas 
that is all to the good. The Percy Committee suggested that 
whereas our ideas are good the difficulty is in getting them put into 
practice. I do not see that it would help to transfer the potential 
source of ideas from the universities to industry, even if its 
fruitfulness were not diminished in the process. There might 
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Dn the other hand, be a case for a really joint effort between 
universities and industry by analogy with the posihon of ^ ® 
teaching hospitals in medical training. This joint effort would 
presumably take the form of a research institute, and the possible 
mnction of such an institute has first to be established econo- 

rnic 3 . 11 v 3 -S well 3.S s.C3.dcrn.iC3.11y* , . f. • 

Given the present facilities, I think it is a fair compromise 
that the most promising students should do a one-year research 
course (e.g. the M.Sc. course which is available at a rmmber of 
universities) to start their apprenticeship in research. This gives 
an opportunity for vocational specialization of studies^ and also 
gives the student an opportunity to exercise the imtiative whic 
the authors find so frequently lacking in first-degree students.^ I 
think such a one-year research course is the biggest contribution 
Sdi the unLrsities can make to the needs of industry at the 
present time, and I hope some of the graduates from such courses 
Seventuaily apply their abilities to the problems of production 

as well as those of developments. 

nr E H. Norgrove {at Birmingham)\ I like Frol, lusims 
treatment of “squalid incompetence” in teaching. I agree that 
research is no substitute for practical training, but under his 
eminent predecessor Prof. Cramp, it was possible to work on 
research and at the same time incorporate a good deal of practical 

^^rrSd like to ask who are these supermen who do the 
assessing in the organization we are discussing, how are they 
trained and who assesses them? Finally, all this talk about 
education and so forth has been on a very high idealistic level, 
but we have to remember that the man has to live his life as an 
individual. It is all very well to say that he must spend so many 
vears doing this and so many years doing that, but a man wants 
\o get married, have a home and children, and I have yet to see 
any reference to that in these rather grandiose educational schernes. 

Mr A. R. H. Thorne {at Birmingham)'. Little reference has 
been made to the financial side of training. It appears that the 
Lsessots of the usefulness of various students to indu^Y are 
interested only when the fruit is ripening; what about the green 
state when the students are given early training? 

Those who are fortunate enough to obtain substantial financial 
aid are able to go to a university. There must be thousands of 
students who only attain Higher National Certificate standard 
owing to restricted financial aid, whereas help at this vital stage 
would enable a large proportion of them to obtam a h gte 
standard. I am interested to know whether active steps are 
bSg taken within industry to help those students who TOuld 
benefit by additional trmning, this help being apart from scholar- 

shin aids of the usual kind. , , 

Mr. E. S. Hall {at Birmingham) : Some of the views put forwar 

have been rather weighted to suit the ideas of the authors; for 
instance the curve in Fig. 1 could well have been ^ ^ 

straight line. Similarly I feel that the curve of jading of the 
pass-degree engineer as shown in Fig. ^ looks rather a differen 
Shane if you miss out the man who achieved Grade A+ at the 
age of 30. It particularly alters the line drawn at the front part 
of the curve. You must also remember that these points on 
the curves represent different engineers and not the progress oi 

°^I should like any information the authors can give as lo how 
these curves would look for the commercial engineer and for 
the engineer who takes up the manufacturing si e- „ 

been pointed out that we in this country do not ^ 

lack of ideas but do suffer seriously from putting these ideas into 
practical shape; that is where the manufacturing f^^meer come 
into his own, and it is therefore very important to attract good 
men to the manufacturing side. I should like to taow wh^r 
the curves for the commercial engineer and the factory engineer 


would differ markedly from those for the design engineer, i 
other words, are the same qualities and the same type of 
viduals required for the design engineer as 
engineer, and does the honours man, in general, still show up 
markedly superior for these applications as compared with the 
pass-degree and the Higher National Certificate man. 

Mr. W. S. Terzi {at Birmingham) ; The authors state t 
a man has completed his university course they do 
it desirable that he should stay on for research, and when he has 
once gone into industry his employers are not prepared to release 
hkn or they say, he is not prepared to leave to go back to the 
university, mainly for financial reasons or 
seniority. The question, then, is when is he j 

if that is his wish ? They have examined the * of 

angle, but they have not really looked at it from the Pomt of 
view of the person concerned. We are living longer the y, 
why cannot we be left to enjoy our youth? Why all this concern 
over the age at which we achieve executive status . ^ 

Industrial and university research are usually ^^t on th® ^ 
level, nor have they had the same ®bJ®®tives; the foraer is ^ 
a means to an end whilst the latter is an end to.f eff. ^f mdus^ 
will not release men to go back to the university, may becoine 
impossible for the staff therein to cairy on research work. It is 
not unlikely that this may result in the university staff becomi g 
static and unprogressive, and that with 

Prof. Tustin has already pointed out Such a state of affair 
would also obviate the paramount factor which ^'ff®tentia e 
between the individual universities from the ^^f^nical point of 
view, this factor being the head of the departmerit and the various 

research activities in which the staff are engaged. 

The suggestion made by Mr. Bell that some studen s allowed 
to stay on for one year after graduation f"', .“f. 

underpaduate the student has to cover a ce^m curriculuin, if 
he is Sowed to stay on for one ywr after finals, then no^ 
withstanding the technical self-confidence which ^ gam 

from such a period, the fact that he will come into direct 
with the stidf in the research department may have a great 
XS on his future. Dr. Gibbs has said that a stude"^ 
work on present-day research at the university and then take an 
appointment which is not at all related to that J*". 

may happen, but on the other hand a man s future may be 
changed owing to his post-graduate activities in the 
his coming into contact with a certain type of work which he 
may decide to continue afterwards. I think that this is a poi 

White {at Southampton): As a student I find the 
post-graduate training scheme rather discouraging, t ^ 

me that anyone who wants to get on in the electrical nidus y 
faced with many years of extremely difficult and exacting wor , 
in fact he is faced with the prospect of being a glorified schoo boy 

"'thlsyo%eL^might discourage many students from entering 
the electrical industry. The scheme may well produce first-rate 
technical robots, but I wonder whether the authors have ever 

considered what type of men it will produce, , 

IVIr A. T. Crawford {at Newcastle upon Tyne). I agree with t e 
auttors on the desirability of practical training and on the 
imdesirability of the creation of new institutions._ it would 
appear that graduate engineers, on completion of their university 
training, are not particularly anxious to receive practical training 
on a course. They are more inclined to look solely at the 

diate financial reward they can obtain for ^ 

may be offered appreciably more than would be paid to an 

engineer undergoing his two inate 

One speaker has suggested that the authors wished ^ ®kmmate 

research work at universities, but I do not believe this is their 
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intention, and I consider it essential to retain research facilities at 
universities, with an honours school having a limited number o 
post-graduate students. The limited capital expenditure that can 
be incurred necessarily limits the useful work by post-graduat 

The authors mention a universal figure of expansion in the 
industry of 4-5% relating to the technical staff necessary to 
maintain conditions on a satisfactory basis, and subsequently 
talk of engineers trained in England taking up appointments 
abroad. Is this figure truly universal, or is it only an average 
with comparatively wide variations in different countries. 

I endorse whole-heartedly the sentiment that grammar schools 
and public schools should be convinced of the soundness of 
recommending some of their best men to take up electrical 
engineering as a profession, and the umversities can assist n 
thi? by allowing their staff to 
grammar schools so that the entrant from a gr 
comes with a knowledge of more than simply pure 

Various comments have been made on the te™ _ , 

mathematics is taught in different institutions, and the authore 
have found widely different standards in their men ivho should 
normally be at the same level. There is no suggestion that 
man on the lower level could not absorb the more advanced 
work, and more vigorous steps should be taken to 
level of mathematics up to the highest standards taught 
engineering courses throughout the country; I feel also that much 
X attenfion could be devoted in the earlier years to advancing 
the level of mathematics taught in primary and grammar schools. 
There would then be no need for the men m later life to spen 

time on further training in the subject. ^ + 1 ,™ 

On the charts shown in Fig. 3 it is not quite clear why the 
should be such a limited number of honours graduates after tl e 
age group of 35, and the authors say that the evidence they present 
may lead to erroneous deductions unless it is analysed very 
carefully. For those of 35 years of age and over, pre-war 
technical education was reasonably stable, and I thought it wou d 
have been possible to gain useful evidence from the charts, i 
appears, for example, that honours graduates with few exceptions 
have maintained their early proniise in later years, whereas pass 
graduates have more nearly remained as avera^ ^gine^s. 

Dr. W. J. Gibbs and Messrs. D. Edmundson, R. G. A. DmumcK 
and G. S. C. Lucas (in reply): In the discussion, university 
professors and other educationists have raised the q.uestion ol 
research training in imiversities. We have to differentiate clear y 
between those men who intend to make careers ^ indust^ and 
those who wish to spend much of their lives in research. Ita 
general, it is undesirable for a man who seeks a career m mdiKtry 
to remain at the university after graduation. We a^ee t^aUhere 
are a few exceptions to this general statement. It is said that 
unless university staffs have post-graduate students working under 
them, their own research work must suffer and the teaching of 
undergraduates must ultimately deteriorate. We think that if the 
universities retain those seeking careers mainly m research pte 
the few exceptions cited above, they will have plough pos - 
graduate students to prevent any deterioration in either teachmg 

or research. 


It is our experience that those who do stay at the diversity 
immediately after graduation for two yMts '““y* , 

willing to follow this with an apprenticeship in industry. They 
expect to by-pass the practical training; they consider their two 
W msearch as an equivalent, which it emphatically is not. 
With regard to the period immediately following apprenticeship, 
we have found that men are reluctant to return to the university 
at this stage because they are keen to take up an appointment 
either with the firm at which they were apprenticed or elsewhere. 
They are even more reluctant to return after some years on the 
staff because by then they are specialists, already immersed m 
tLir own researches, and they fail to see what benefit they would 
obtain by breaking into this work to return to the university 
Let us repeat that we do not ask the universities to abandon 
research work and that we recognize that exceptional men have 
to be treated as exceptions. However, it does seem undesirable 
for a man aiming at an industrial career to be kept, after gradua¬ 
tion in what is almost admitted to be the leisurely atmosphere 
of the university where he “has time to think.” Mr. Terzi says 
“why cannot we be left to enjoy our youth?” We ask educa¬ 
tionists to ponder this question and its context. We also draw 
attention to the contribution of Mr. White, another, student, vn^o 
is dismayed at the prospect of additional study in industry. No 
one is compelled to undertake further academic study after 
graduation, and many do not. 

We can now deal with some of the specific questions raised. 
Dr. Walton raised some concerning the^ Advanced Engineering 
Course. It is intended only for those wishing to take up desi^ 
or research, and the selection is made from an assessment ot the 
work done in the preliminary course at the College of Technology 
and the examination that terminates it, and as a result of indi¬ 
vidual interviews. The lectures in the Advanced Design Course 
are concerned with special techniques and new developments. 

In reply to Mr. Tolley, the engineers graded “B forni the 
largest group because all new entrants start with that gradmg. 
Mr. Hall suggests that Fig. 1 could have been drawn as a straight 
line This is true. No set of points determines the nature of the 
curve to be drawn through them. We chose a compound-interest 
curve because the industry is expanding according to this law and 
it seems reasonable to suppose that the expansion of techmcal 
staff follows the same law. However, if a straight line is dr^n, it 
reinforces our argument that a vast increase in the number o 

graduates in engineering is unnecessary. 

Mr. Hall is right in suggesting that the curves of Figs. 2 and 3 
would be a little different for commercial and factory engineers. 
For instance, personal qualities are of prime importance m t e 
commercial engineer. While, therefore, the grading of honours 
graduates would not be markedly different, the pass men and 
Higher National Certificate men would tend to rise more quickly . 
A more important difference lies in numbers; the factory and 
commercial departments tend to have a smaller proportion ot 

graduates on their staffs. _ _ 

We regret that owing to space limitations we cannot discuss ail 
the points raised, but we are very grateful to all who have taken 
part in the discussions and thereby given us all food for thought 
on this most important subject. 
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It is the custom for your Chairman to take as his theme some 
major problem or feature of that section of the electrical industry 
with which he is directly concerned. I should, by this precedent, 
talk about organization for research, but I find some difficulty 
in doing this. Any attempt at organization of research must in 
large measure depend both on the structure and policy of the 
firm or institution concerned, and on the personality of the 
man responsible. In my view the subject is best left to a dis¬ 
cussion group. 

In considering organization for research it is probably more 
nearly true to say that it is the research that organizes the 
planners. No major project in a research laboratory can be 
guaranteed to follow the path expected, and I intend to describe 
such a project which has not yet achieved its aim and yet in its 
pursuit have been found prospects of good commercial returns. 

When I joined my present firm, seven years ago, the major 
project facing me was the design of an electronic telephone 
exchange, and a good glimpse of this possibility was given to 
you in Mr. Flowers’s paper in 1952. Before the war an all- 
electronic exchange was considered a futurist dream, but seven 
years ago people were talking of it as being ten years away. 
However, to be a practical proposition the electronic exchange 
must compare favourably in first cost and in subsequent main¬ 
tenance over its working life with the electro-mechanical. 

In a mechanical exchange the speech path must traverse many 
metallic contacts. These are by no means ideal devices for 
carrying speech signals, they are affected by dust, atmospheric 
pollution, mechanical wear, and in inductive circuits by electrical 
wear, and unless an exchange is carefully maintained steady 
deterioration will occur. By 1947 it had become clear that if 
we were considering rapid switching, electronic devices would 
beat mechanical in total number of operations, but if the opera¬ 
tions were spread over a long period the position would become 
more complex. 

Before proceeding to considerations of greater detail I should 
point out that the existing British automatic telephone system 
is a step-by-step arrangement in which the same switch is used 
for determining the path of a telephone call through the exchange 
as well as making the speech connection. In some Continental 
and American systems control of the route taken by the call 
through the exchange is separated from the switches making 
the speech connection. There are arguments for and against 
these systems. It is claimed that in the British system wear is 
distributed over the whole of the exchange where the speech 
switches also have to search, whereas in the other system the 
wear is kept to the control part of the exchange where it is less 
likely to cause deterioration of the speech circuit. At the 
present moment the overall cost, which includes first cost and 
subsequent maintenance, and general performance are so closely 
equal as to make a choice of either system extremely difficult. 
I must mention, however, that a mechanical crossbar switch 
having low wear and high reliability, which shows to advantage 
in speech circuits, has recently been evolved and is used very 
effectively in Europe and America. 


In considering the electronic exchange there are three possi¬ 
bilities ; to add electronic circuits to existing exchanges wherever 
advantageous; to evolve an electronic system on the American 
and Continental lines in which electronic circuits replace the 
control equipment while the speech paths are still electro¬ 
mechanical; to design a wholly electronic system with a new 
approach such as that of the time-division multiplex described 
by Mr, Flowers. 

Reviewing such possibilities seven years ago there appeared 
to be many lines of attack, but we invariably come to a major 
stumbling-block, namely long-life valves. A telephone exchange 
lasts at least 25 years, and valves with many tens of thousands of 
hours’ life would be necessary. Moreover, the heater current 
of the ordinary valve, when used in the many tens of thousands 
which might be needed for a large exchange, could become a 
serious drain on local power supplies, and the resulting dissi¬ 
pation of heat would present a major problem in equipment and 
building design. Either a long-life valve with extremely low 
filament consumption had to be developed or some other solution 
found. There were two possibilities: cold-cathode tubes, which 
had been known for some fifty years, but were only then beginning 
to show promise of the stability required, or devices such as the 
transistor, then but a gleam in the Bell Laboratories’ eye. 

I came to the conclusion that it was necessary to carry out a 
detailed investigation into the possibilities of the cold-cathode 
valve. Simple tubes of this type have long been used as voltage 
stabilizers, since the voltage drop in a discharge path remains 
reasonably constant with quite large variations of current; many 
years before the war the trigger triode was developed, together 
with the hot-cathode equivalent, the thyratron. The cold- 
cathode trigger triode appeared to offer possibilities in exchange 
switching circuits, particularly if it could be made to carry speech, 
since it required only a small trigger impulse to close the circuit. 
Previous experience of my colleagues and myself indicated that 
in some tubes of a batch the noise level would be quite high, 
while in others it would be low enough for the purpose we had in 
mind. 

Accordingly an investigation was started to obtain fundamental 
information on the practicability of a speech switch. We 
already knew that impurities and irregularities in cathode sur¬ 
faces would cause the discharge to jump, with a noise burst at 
each jump; it was also known that various modes of oscillation 
could occur within a discharge, and that impurities within the 
cathode would cause rapid variation in electron emission, with 
consequent noise fluctuation. It had also been found necessary 
to keep the gas clean and pure to avoid cathode contamination 
and to secure a satisfactory life of the tube. We were not alone 
in this approach to the problem, which was also being con¬ 
sidered on the Contment. Mr. J. R. Acton carried out a 
theoretical investigation which indicated that the noise might be 
reduced to lOOdB below the reference level of 1 mW and that the 
impedance of the discharge in the speech frequency range would 
vary inversely with the current. It is clearly desirable to work at 
the lowest impedance possible, to avoid crosstalk from other 
circuits in the exchange and other sources of interference. 
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first piactical outcome of these early investigations was a 
diode; later a trigger tube was produced which had quite 
interesting characteristics. Unfortunately, in order to keep the 
attenuation through the valve to less than 1 dB, it was necessary 
to use input and output transformers, and this made the complete 
switch uneconomic. Consideration was given to the design of a 
tube which would provide a certain amount of amplification, 
but this was not then successful and we decided to suspend this 
investigation. 

In the meantime we had been seeking the electronic counter- 
pait of a uniselector switch, whose principal action is the selection 
of one of a number of outlets. A device of this type had been 
produced in a cathode-ray-tube switch. Mr. Acton sought to 
rotate a discharge round a circular anode, and thus the Dekatron 
was evolved. This tube, which is now becoming well known, is 
quite ^ simple in action, but we were disappointed when we 
examined its use as a speech tube and again we put in abeyance 
this side of the investigation. 

Thus far you will see we had failed in our objective, but an 
interesting position had arisen. We had first produced an 
extremely accurate reference tube in the diode we had investi¬ 
gated, and at the same time we had acquired a great deal of 
fundamental information on the operation of reference tubes 
and on stabilizer-type diodes. We had also developed a useful 
and relatively inexpensive trigger triode, and lastly we had 
evolved a new type of tube altogether in the Dekatron. Visitors 
to the laboratory became interested, samples were made, tried 
out by other laboratories, and later sold. The valve section 
started a miniature production unit and the whole grew and 
consumed valuable research space until finally we decided to 
build a new laboratory and production unit in which we could 
concentrate on the development and manufacture of cold- 
cathode tubes. The building which was constructed takes such 
care for its cleanliness, air conditioning, style and general 
working conditions that it has become the envy of the factory 
and other parts of the laboratory. 

An offshoot of our primary objective had itself given birth to a 
new primary objective. It soon became apparent that further 
by-products were about to appear. 

When I joined the company a service I implemented was to 
ensure that the factory and laboratory as a whole were ade¬ 
quately provided with test instruments, and we set up a small 
specialist instrument section to do this. During early meetings 
with some of our valve customers, the proposal was made that 
we should undertake the manufacture of certain specialized 
instruments, and in particular those required for nucleonic 
studies. This manufacture was started, and has grown so rapidly 
that recently we have had to move it into new premises of some 
7 OOOft^. 

To return to the primary objective, an electronic telephone 
exchange, we have seen that cold-cathode tubes can be regarded 
as the chil^en and nucleonic instruments as the grandchildren 
of the original project. Both of these offspring quickly grew to 
the factory production stage—but what of the electronic exchange 
itself? 

Let us return to where we left the speech tube in abeyance. 
Three lines of development emerged from the work that had 
already been completed. 

Although the speech tube in its simplest form did not appear 
to be an economic proposition, we had proved that the noise 
could be reduced to a practical level and that it could pass 
speech. A feature of the discharge—^its negative resistance 


characteristic ^liad not been fully explored, and it might be 
possible to utilize this to allow resistive rather than inductive 
coupling in the circuit arrangements. Work along these lines 
continues. 

In the London director system the first three digits dialled 
route the call through a complex network of trunk lines to the 
called exchange. This was always heavy work for a mechanical 
switching mechanism. The problem is much easier if the route is 
controlled by a cold-cathode director: equipment now on test 
at an exchange is proving very promising. There are many other 
similar applications now in an advanced stage of development. 

In my opinion one of the most promising alternatives to an 
all-electronic exchange is the crossbar switch with electronic 
selection and control of the call through the exchange. In this 
development there are a number of applications for which cold- 
cathode tubes are ideally suited. For example, it is often 
required to operate the magnets by a very-low-power marking 
impulse, so that latest tube to be produced has a mean output 
power of about 10 watts, peak power of about 20 watts, and 
operating power of a fraction of a milliwatt, yet the tube size is 
quite small. 

What of the wholly electronic exchange ? It is still too costly, 
and further component developments are still required. Perhaps 
it may be that the transistor may ultimately prove reliable, 
efficient and inexpensive enough to play an important part. 

And so we have come full cycle. We are still some way from 
solving our first problem, the all-electronic exchange. We can 
see the way to design semi-electronic exchanges with cold- 
cathode tubes playing a large part, and we can contribute 
materially to improving the existing type of exchange. 

In arriving at this state we have founded a new industry, the 
manufacture of cold-cathode tubes; apart from our own demands 
for them, industrial, computing and business accounting markets 
have welcorned them. Trigger tubes of greater stability, greater 
speed and higher power are needed and in fact are on the way, 
and the Dekatron is increasing its versatility by greater speed of 
operation and is being redesigned as a shifting register tube. 
As industry becomes aware of the high reliability and long life 
of these new tubes, further interesting valves will be required 
and so our valve project must expand to supply industrial 
demands, while still being mindful of exchange possibilities. 

In the train of this comes another industry—^the electronic 
instruments for nucleonic and industrial purposes. 

Instead of talking about organization and planning for research 
I have taken you through one facet of what may prove to be the 
most interesting and most difficult phase the telephone industry 
has ever faced. The first phase was the simple exchange manually 
controlled. The next phase was the introduction of automatic 
exchanges, with the more recent introduction of trunk switching; 
the third phase will see the use of semi-electronic or wholly 
electronic systems—no one can be certain which. In doing this 
I have tried to reveal a facet that does not normally appear: it is 
that research has a knack of planning itself, and that the primary 
object can as it were give birth to secondary objectives, each of 
which can become a primary objective and so give rise to a 
second generation of primary objectives, and so on. In uni¬ 
versity research the individual worker claims he must be free to 
go the way his inspiration takes him: in industry more team 
effort is required but it can become a most uninteresting problem 
if it goes exactly the way it was originally planned. Commercial 
enterprise must follow the research in its development if it is to 
take advantage of the rich rewards research has to offer. 
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The uninitiated user, who generally takes cables very much for 
granted, may sometimes wonder what the cablemaW has to 
show for his laboratories and for the money he spends on them. 

The times demand, and have seen, active technical advances. 
The use of electricity grows exponentially; transmission voltages 
continually rise; telecommunication frequencies have increased 
a thousandfold in the last decade; and new cable materials and 
techniques have been developed and exploited to meet these 
conditions. It may be of interest to survey what the cablemaker 
has been doing since the ending of the artificial conditions of 
war time. I propose to outline first some of the more recent 
developments in materials and processes and then to show the 
impact these have had on cable design and construction. 

Materials and Processes 

As a conductor, copper remains virtually unchallenged and, 
except for features such as compacted strands and conductor 
screening, substantially unchanged for general cable use, although 
for certain high-temperature applications conductors ai’e electro¬ 
plated with nickel or silver. 

Aluminium, with its relative lightness, low cost and reasonable 
conductivity, is at first sight attractive, and certain of its uses are 
well established. Technically, its wider application presents no 
difficulties, and cablemakers are ready to employ it. Its ultimate 
scale of use depends on relative costs, which must include the 
greater volumes of insulating and protective materials required 
for aluminium conductors compared with those for the copper 
equivalent. 

With rubber, the main advances have been in manufacturing 
techniques, such as improvement in extrusion machines and the 
increasing adoption of continuous vulcanization. Conducting 
rubber is being explored, in place of metallic wires, for the screens 
of colliery trailing cables; and rubber-insulated cables are 
protected from ozone and oil by a thin external layer of synthetic 
rubber. 

Of the many synthetic materials developed abroad, only poly- 
chloroprene is in extensive use; its properties make it valuable 
as a cable-sheathing and protective covering in aircraft, mining 
and other spheres. Silicone rubber, with its high heat resistance 
and flexibility at low temperatures, is employed in aircraft wiring. 

The war-time developments of plastics have been pursued 
further, giving the cablemaker a wide range of materials not 
available in any substantial form in pre-war days. 

Polyvinylchloride (p.v.c.) and its co-polymers give a variety 
of insulating and sheathing compounds, easy to process and 
characterized by toughness, flexibility and resistance to many 
solvents and to burning. 

Polyethylene, available in several grades with differing physical 
properties, has low moisture absorption and outstanding electrical 
characteristics for high voltages and high frequencies. It calls 
for special precautions in processing and use to counter the 
efiects of exposure to heat, to sunlight and to contact with a 
variety of other materials. 

Polystyrene, also with low moisture absorption and excellent 


electrical properties, has a tendency to brittleness, which is 
overcome by using orientated tapes to form laminated dielectrics. 

Polytetrafluoroethylene (p.t.f.e.), chemically and physically 
stable, has many of the virtues of polyethylene and unique 
qualities for high temperatures up to 250° C, such as for aircraft 
wiring. It is costly. Fabrication demands special processing 
techniques, and high-temperature uses require conductors of 
nickel, silver or plated copper. 

Nylon has toughness which renders it valuable for sheathing, 
extruded or as a textile braid. 

In papers and compounds for mains cables, the significant 
developments since pre-war days have been in the quality and 
choice of materials. 

Improved wood-fibre papers have largely replaced the earlier- 
favoured manila and manila-wood papers. The petrolemn 
refiners have made available much-improved grades of hydro¬ 
carbon oils. Established precautions against migration of fluid 
compounds on gradients are now supplemented by a method of 
mass-impregnation employing an impregnant which, though 
fluid at cable manufacturing temperatures, is a plastic solid up 
to temperatures higher than those of service. 

The post-war scarcity of lead stimulated the search for alter¬ 
native materials of lower density and greater mechanical strength. 

The lightness, strength and high fatigue resistance of alu¬ 
minium make it an obvious choice for cable sheathing. It makes 
armouring unnecessary for most uses and obviates the need for 
reinforcement in pressurized cables. Satisfactory corrosion 
protection has been evolved, and jointing techniques are well 
established. In this country, most experience is with sheaths 
made by the “tube-sinking” process of pulling the cores into an 
oversize tube which is subsequently drawn down to the desired 
diameter. Alternatively an over-size sheath may be formed 
from longitudinal strip, argon-arc welded, the sheath then being 
drawn down to size and helically corrugated to improve its 
flexibility. Direct extrusion, although attractive, presents diffi¬ 
culties because of the high temperatures and pressures involved. 
Much work has been done in this development, both here and 
on the Continent. One British cablemaker has installed an 
extrusion press, using solid billets and operating at a reasonably 
low temperature, which gives promise of the satisfactory pro¬ 
duction of aluminium-sheathed cables in long continuous lengths. 

A number of composite-sheath constructions have been 
evolved for telephone cables, to provide a moisture seal and 
resistance to corrosion. An example is the American sheath, 
embodying aluminium and steel strip and covered with extruded 
polyethylene. Thin lead sheaths with an outer layer of 
polyethylene are expected to find increasing use, 

A significant development in protection materials is the replace¬ 
ment of impregnated textile servings by tapes of self-sealing 
rubber and p.v.c. to reduce the danger of water absorption. 

Impacts on Cable Design and Construction 

Recent developments in telecommunication cables have made 
full use of plastics, leading not only to the replacement of estab¬ 
lished types of insulant on technical or economic grounds, but 
also to the evolution of new types of cable with very exacting 
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transmission characteristics, for telecommunication, radio and 
electronic equipment. 

In switchboard wiring, coloured and striped p.v.c. is tending 
to replace the widely-used enamel and textile coverings. 

It is significant that in the first 40 years of this century, fre¬ 
quencies to be transmitted by cable advanced a thousandfold 
from 3 X lO'^ to 3 X 10'^c/s, and that during the succeeding 
decade they rose to 3 x 10^°c/s, a further thousandfold increase. 
Only polyethylene and polystyrene, with their low loss factors, 
could meet the requirements of long-distance and high- 
frequency transmission. Even these materials would have been 
inadequate had it not been for the concurrent development of 
new techniques to give precise dimensions and of new electronic 
test-gear. 

Polyethylene, the more easily handled material, is widely 
used. As a solid extrusion it is being introduced for telephone 
distribution cables. Radio-relay and television-relay cables 
have polyethylene insulation and sheaths; they are light in 
weight, and have low transmission losses and high moisture 
resistance. Polyethylene insulation is being employed for quad- 
type carrier telephone cables; on the Continent, polystyrene 
string and tape constructions have been adopted for this puipose; 
and experiments are being made in America with cellular poly¬ 
ethylene. The conventional television down-lead cables are 
polyethylene insulated: for the higher frequencies in Band III 
of the coming commercial programmes an expanded polyethylene 
insulant has been introduced. 

A notable use of plastics is in the spaced-disc coaxial pairs 
developed for multi-channel telephony or television signals. A 
classic example is the lin coaxial cable forming the London- 
Birmingham television link, and many hundreds of miles of 
fin coaxial pairs are in regular use, both at home and abroad, 
operating on frequencies up to lOMc/s and providing up to 
600 speech channels. 

The recently-announced transatlantic telephone cable is the 
first project of such magnitude to be undertaken anywhere in 
the world: it is to have solid polyethylene insulation of thickness 
and precise dimensions which the recent advances in technique 
have alone made feasible. 

Polystyrene in the form of multiple tapes applied in an open 
helix is used for several cables of coaxial type up to 3f in dia¬ 
meter, employed for high-power high-frequency links. There 
are numerous radio-frequency cables with solid or semi-air¬ 
spaced polyethylene insulation. 

Television cameras require multiple connections for video 
frequencies up to many megacycles per second, for audio signals 
and for power and control circuits. These complex cables must 
be small, flexible, rugged and weatherproof, and must be easily 
capable of extension. Accurately extruded thin polyethylene 
coverings on small conductors, and a special coimector moulded 
to the cable, have met these requirements. 

For lighting and low-power cables, increasing use is made of 
rubber-insulated tough-rubber-sheathed cable. Advances in 
technique have permitted reductions in diameter of many types 
of cable, as reflected in B.S. 7: 1953. The use of p.v.c. wiring 
cables is growing, with emphasis on conduit wiring. B.S. 1557, 
for polyethylene-insulated and p.v.c.-sheathed types, has just 
been revised. 

Aircraft cables provide a good illustration of the exploitation 
of the special properties of plastics, in that light weight, resistance 
to solvents and a wide temperature range of operation are 
essential. 

The insulation of pre-war aircraft cables was rubber, protected 
by a lacquered cotton braid. This has in late years been replaced 
by glass-fibre braid and a polychloroprene sheath, with a saving 
of 50 % in weight and a wider temperature range. 


For the extreme temperatures encountered in jet aircraft, 
combinations of p.t.f.e. and glass-fibre braid, though costly, give 
outstanding performance, and the pre-war operating range of 
— 10° to -t-70°C has thus been extended to —75° to -[-400°C. 

Broadly speaking, paper-insulated cables continue to hold the 
field for power supply. Cables with plastic insulation and sheath 
have proved satisfactory in performance in the lower-voltage 
range. They are attractive because of light weight and simplicity 
of jointing. In countries where skilled jointers are available, 
any marked extension in their use seems likely to turn on relative 
costs. 

In the very-high-voltage field, the post-war years have seen a 
notable extension in the use of higher voltages, for which there 
has been an accentuated swing to the use of pressurized cables. 
The higher operating stresses and temperatures and increased 
circuit capacity of these cables are reflected in the lower cost 
of an installation; and this, coupled with the fact that they are 
essential for voltages over 66 kV, is responsible for the greatly 
increased demand. Pressurized cables are of four main types, 
namely: 

Oil-filled cables, which are impregnated with low-viscosity 
oil and embody channels to permit longitudinal oil-flow to or 
from reservoirs. The static operating pressure is normally 
751b/in2. A later variant, in which the three cores are laid 
side by side within a flat-sided sheath, enables reservoirs to be 
dispensed with, the cable being “self-compensating.” 

Gas pressure cables, which are subject to internal gas pressure 
of 2001b/in2, and are of two sorts. In the gas-filled cable, the 
dielectric is formed from pre-impregnated paper tapes, the gas 
filling the interstices between tapes to form a composite dielectric. 
Impregnated pressure cables are fully impregnated, the gas being 
accommodated in under-sheath clearances. 

Compression cables, which consist essentially of solid-type 
cables covered by a thin lead diaphragm and enclosed in an 
outer sheath or pipe. The space between diaphragm and pipe 
is charged with gas, the pressure of which is transmitted to the 
cables via the diaphragm. 

Pipe cables, which are oil-impregnated solid-type cables 
without sheaths, and are drawn into a steel pipe containing oil 
or gas under pressure. 

Although 220-kV oil-filled cables were installed in Paris in 
1936, there has in the past been no general call in this country 
for cables for voltages above 132kV. However, since the 
275 kV system now imder erection will eventually require cables 
for that voltage, the B.E.A. and cable manufacturers have 
collaborated in the installation of trial lengths of 275 kV 
pressurized cables. 

Cables for even higher voltages have been made for two 
installations abroad. For the Kemano project in Canada, two 
runs of 301 kV oil-filled cable have been laid, one having alu¬ 
minium conductors and sheaths; while in Sweden a 380kV cable 
of the oil-filled type has been installed. 

Another post-war trend is towards the use of high-voltage 
submarine crossings. A project has been worked out for a 
132kV cable, crossing the Channel, to link the British and 
French systems, and sea trials have been made, using gas-filled 
and compression cables. 

In Canada, a British cablemaker is shortly to install an 18-mile 
underwater link, between British Columbia and Vancouver 
Island, consisting of 138kV gas-filled cables. 

This is the picture as I see it. It may not be comprehensive or 
balanced, but I hope I have given an impression of the cable- 
maker’s activities. The work continues; and I have no doubt 
some future Chairman, choosing the same topic, would find 
ample new material for his Address. 
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“LABORATORY WORK IN ELECTRICAL ENGINEERING COLRSES” 
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This Address relates to laboratory work in general, but 
special attention is directed to the problems of the initial stages. 

Aims and their Realization 

Laboratory work should aim at; 

Direct tuition in the standard methods of measuring electrical 
quantities and the use of standard items of measuring equipment. 

Understanding of topics treated theoretically in lectures and apprecia¬ 
tion of the limitations of the idealized treatments which are of necessity 
used in much lecture work. 

Familiarization with the appearance, construction and capabilities 
of apparatus, and with the magnitudes of electrical quantities. 

Cultivation of a critical attitude towards all observations, extending 
to fields other than electrical. As experience is gained the student 
should acquire a feeling for the organization of his experimental work 
and, in the larger experiments, some sense of co-operative activity. 

Development of the writing of concise English and the presentation 
of data in a clear and understandable form. 


unfinished experiments, unchecked errors and too much unproductive 
blundering during the early stages where students are unfamiliar with 
equipment. 

Supervision 

Supervision of elementary laboratories is difficult as it tends to be an 
unpopular staff duty, which then devolves upon young demonstrators. 
This may appear to solve the staffing problem, but such supervisors do 
not always take the critical viewpoint which is necessary, they change 
frequently so that there is no continuity, and they may have no 
responsibility for assessing the students. Senior staff who take such 
duties seriously give a valuable service. 

'"Original Work'’’ 

Little of this is possible during the first two years of the course. To 
encourage students during this period to think of the type of equipment 
to choose, and the method of approach to problems, they can be asked 
to design experiments, on paper, to illustrate certain topics or verify 
experimental laws, specifying fully the type of meters and other 
equipment required and the handling of the results. 


The successful achievement of these aims depends on: 


Selection of Experiments 


Selection and Design of Experiments. 

These are discussed more fully below. 

Laboratory Instruction Sheets. 

These, together with the personal attitude of supervisors, are 
responsible for developing a critical attitude towards the experiments. 
They should be as comprehensive as possible, and should include a 
number of questions to be answered to ensure that the implications 
of the experiment are appreciated, and that the relative importance 
of errors in the different readings are noted; together with addi¬ 
tional notes explaining why particular items of equipment are used, 
and linking the equipment with others or with future course work. 
In the early part of the course, detailed instructions are only too 
necessary for most students to formulate a reasonable approach and 
presentation. In the later years the instructions should be curtailed. 

Report Writing 

The traditional procedure is for the student to take away his experi¬ 
mental “results” after taking whatever steps seem necessary to apply 
checks on their completeness and reasonableness before leaving the 
laboratory, and then to submit after suitable private work, a finished 
report. The method has the disadvantage that the student has to do 
much of his work away from the advice and guidance which he may 
need in interpreting his results. 

Ideally, reports which have been written in the laboratory would 
seem to meet these objections. Certain experiments, however, require 
literature to be consulted and lengthy calculations made. In these 
circumstances, the best compromise appears to be for the student to 
do as much as is practicable before leaving the laboratory. This 
laboratory record, duly checked and initialled by the instructor before 
the student leaves the laboratory, is then submitted, together with any 
additional work which is done later, as a final report. 

It is worth impressing upon students the degree to which a carefully 
annotated diagram can express concisely the experimental conditions 
and procedure. 

Laboratory Organization 

A typical elementary electrotechnics laboratory may cater for 15-25 
groups of students. With the numbers involved, it would be impos¬ 
sible, even if it were desirable, to allow the students to choose their own 
meters, etc., and formulate their own procedure. This practice may 
have a.dyantages where small numbers are concerned and generous 
supervision is possible, i.e. in later stages of the course, but it leads to 
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One of the problems throughout the course, but particularly 
at the start of the first year, is that of students undertaking 
laboratory experiments before the relevant theory has been 
covered in lectures, A lecture may be easier to assimilate and 
possibly more interesting to a student who has encountered the 
problem in practice, but many experiments cannot be performed 
properly without a knowledge of the theoretical background, 
and that cannot always be condensed sufficiently to appear on 
an instruction sheet. 

This difficulty can largely be overcome, and the interest in 
what may be termed “experimental method” aroused, by com¬ 
mencing the laboratory work of the initial year with experiments 
requiring only an elementary knowledge of d.c. circuits, but 
requiring observations on the accuracy of the meters used, the 
scatter of observations, linear and non-linear relationships, 
curve-fitting and the use of logarithmic graph paper, and simple 
energy considerations. These may occupy the first ten weeks 
whilst the lectures are covering fundamental theory. A fuller 
treatment of experimental method, considered as the study of the 
factors governing the design of experiments and the analysis of 
experimental results, is appropriate to a later stage of the course, 
in the measurements laboratory. 

Subsequent to the special arrangements for the first few weeks, 
the choice of experiments is governed by (a) suitability —simple 
experiments calling for little ability from the students lead to 
loss of interest and should be avoided. Such experiments, how¬ 
ever, have their uses when emphasis is to be put upon the 
numerical analysis of results; {b) practicability —experiments must 
be so arranged that, in competent hands at least, they perform 
satisfactorily, and it is then possible to point to incompetent 
hands, and not unsatisfactory equipment, as the source of error. 

There is no doubt that greater use should be made of 
demonstrations both in the lecture room and in the laboratory, 
as a .supplement to formal experimental work. Besides the 
stimulation which such demonstrations provide, the student can 
be introduced to a number of topics or illustrations which would 
not merit treatment as formal experiments. 
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A certain amount of time devoted to examination of and 
reports on equipment, fault location, elucidation of circuits and 
the production of schematics from such experiments, is not out 

of place. . 

It is commonplace that the field of study included in Electrical 
Engineering has been and is expanding at a remarkable rate. 
The increased range and content of the science can be met to 
some degree in lecture courses, by placing increasing emphasis 
on systematic and generalized treatments. There is a counter¬ 
part to this action, in laboratory work, in the introduction of 
experiments to illustrate and investigate generalized topics such 
as, for example, circuit theorems, field distributions, and elements 
of control systems, etc. 

In the face of an ever-increasing volume of material calling for 
inclusion, traditional laboratory experiments must be constantly 
examined for justification. In the earlier days of the science 
when the subject was less extensive, experiments were performed 
which to-day may be found to be either redundant or lacking 
in basic scientific value. The older branches of the science, 
e.g. electrical machinery, are often the most in need of such 
attention. 

Apart from the demand of new material for inclusion, the 
possibility should always be borne in mind that existing and 
basic material may not be adequately treated. In spite of the 
large proportion of laboratory time given in many courses to 
electrical machinery, it is probable that such basic phenomena 
as commutation, armature reaction and the idea of the machine 
as an amplifier are often inadequately treated experimentally in 
the early stages. 

Design of Experiments 

Very little apparatus, except for standard measuring gear, is 
commercially available in the most suitable form for electrical 
engineering laboratories. There is almost limitless scope for 
ingenuity in the design of good experimental layouts. 

Certain standard electrical machines are more or less suitable 
in their commercial form, but even in this field the special 
requirements of an educational institution often call for special 
designs. Such requirements include electrical ratings to con¬ 
form to laboratory supplies, special characteristics, the addition 
of search coils and thermocouples, and facilities for driving or 
loading. 

Even when no modification of an existing experimental equip¬ 
ment seems necessary, it will often be found that the experimental 
procedure can be revised with advantage. Students should not 
be asked, for example, to repeat a series of operations at a 
number of different loads, speeds, voltages, etc., unless some 
really significant result is thereby illustrated. 

Electrical machinery and a few other applications excepted, 
one usually has to begin a design of an experiment ab initio. 

Briefly, equipment for use in electrical engineering instruc¬ 
tional laboratories should as far as possible possess the following 
features: 

Clear exposition of the essential principle it is designed to elucidate. 

Educational value in stimulating insight and experimental facility. 

Time-saving: not burdened with non-essential manipulative 
difficulties. 

Modern in technique and design. 

Good quality, reasonably “student-proof,” and capable of proper 
maintenance. 

Simplicity is important, particularly in the elementary stages. 
Students should not be confused by an unnecessarily bewildering 
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array of apparatus whose function is far from clear. Clear 
layouts, ample labelling of apparatus in respect ol ratings, 
polarities, etc., are essential. It is important to subordinate 
auxiliaries so that they do not overshadow the essential apparatus 
in complexity, operational difficulty or size. Suitable relations are, 
perhaps unconsciously, fulfilled in machine and large-scale plant 
tests, but they become more and more difficult to realize in bench 
experiments. 

Whilst the exercise of connecting up apparatus is valuable, it 
can assume too great an importance. There are certain experi¬ 
ments where a clear mental view of the essential circuit throughout 
the experiment justifies the use of permanently connected equip¬ 
ment, particularly if this can be associated with a semi-pictorial 
layout. The use of models, besides illustrating a much-used 
engineering technique, often permits the justifiable exaggeration 
of certain significant phenomena. How far a model technique 
may be justified if secondary phenomena are thereby modified, 
is a matter for careful consideration. 

The application of the more recent measurement techniques 
to older branches of the subject should be considered. Electrical 
machinery laboratories have tended to be inhabited only by 
voltmeters, ammeters and wattmeters. There are signs, how¬ 
ever, that electronic devices and a.c. bridges and potentiometers 
are finding useful application here. Apart from their value as 
instruments, it is good for students to see the inter-relation of the 
various branches of their studies. 

Laboratory Design 

Surroundings which are not only technically suitable but also 
attractive and workmanlike in appearance assist in providing the 
right atmosphere for the efficient performance of experimental 
work. The opportunity to design the laboratory building itself 
seldom arises. When it does, the ideal arrangement appears to 
be a room with as much unbroken lower wall space as possible. 

Arrangements for electrical supplies to the work benches should 
be flexible but not extravagantly elaborate. The wiring should, 
however, be planned so that no additions in the form of unsightly 
temporary wires are needed as far as can be foreseen. 

Benches should provide adequate storage space for portable 
equipment in cupboards and drawers. It is desirable to have a 
certain proportion of plain benches under which wheeled 
apparatus can be placed, or with a single low shelf for the 
storage of the larger electronic test units. It may be possible 
to arrange for tables carrying permanently connected assemblies, 
e.g. potentiometers, to have false tops to permit normal use of 
the tables for other purposes. 

Conclusion 

Whatever the material facilities provided for the student, his 
effective development as an electrical engineer, particularly in 
the experimental field, will be determined largely by the enthu¬ 
siasm of the staff concerned. As has been mentioned earlier, 
the work of those members of the staff who take seriously the 
design, development and operation of laboratory facilities is of 
the greatest value. Such work should command the respect 
which it deserves and should not suffer in academic regard 
relative to other activities. Not only does it contribute im¬ 
measurably to the education of the student, but it forms one 
of the best channels through which assessment of the students’ 
abilities may be made. In general, insufficient use is made of 
such opportunities for assessment. 
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“RECENT TELECOMMUNICATIONS DEVELOPMENTS IN NORTHERN IRELAND’* 

(Abstract of Address delivered at Belfast, \2th October^ 1954.) 


The Belfast-Dublin Coaxial Cable 

The Belfast-Dublin coaxial cable was laid at the beginning of 
the present decade and was partially brought into use at the 
beginning of 1953 by using the audio pairs provided for inter¬ 
mediate circuits; it was brought into full use in September, 
1954. 

The cable consists of two tubes, each having an inside diameter 
of 0-375in and containing a central solid-copper conductor 
having a diameter of 0-104 in and located by slotted polythene 
discs at l-3in intervals. The outer tube is a copper strip or 
tape with crimped edges for interlocking when formed into a tube. 
Each tube is reinforced with two steel tapes laid together with 
packing to form a cylinder, and the whole unit is wrapped with 
paper tape. The coaxial element of the cable includes eight 201b 
unloaded pairs for control purposes and two 401b screened pairs 
with 16mH loading for music transmission. Between Belfast 
and Newry the cable also contains a varying number of 201b 
conductors for audio circuits. 

The frequency range is 60-2 604kc/s, and within this range it 
is possible to accommodate 600 speech channels, each covering 
the band 300-3 400c/s. A separate tube is used for each direction 
of transmission, and it is necessary to have repeaters at approxi¬ 
mately 6-mile spacing. There are nine such repeater stations 
between Belfast and the Border, and ten between the Border and 
Dublin. 

The method adopted for locating the speech channels over the 
frequency spectrum is as follows. Speech channels are divided 
into groups of 12, and each channel in a group is modulated 
with a different frequency so that the whole group occupies a 
band of 60-108 kc/s. 

The next process is to take five groups and to modulate each 
of these with a different frequency, the whole forming a super¬ 
group in the band 312-552kc/s. The system can be set up 
using one or more supergroups up to a maximum of 10, giving 
a range of channels from 60 to 600. The bandwidth of each 
supergroup is 240kc/s, with a space of 12kc/s between super¬ 
groups 1-2 and 2-3 and 8kc/s between other supergroups. 

The system also requires the provision of two pilot carriers 
at 60 kc/s and 2 604kc/s to control the gain and frequency 
response of the line amplifiers in the two directions of trans¬ 
mission, and to provide comparison between the carrier frequency 
generation equipment at the two terminal stations. 

The equipment at each station operates on a 230-volt single¬ 
phase 50 c/s supply, and for the intermediate repeater stations 
the supply is fed over the coaxial tubes from Belfast and Newry, 
the load at each station being about 250 watts. Standby emer¬ 
gency power plant is provided at the terminal stations for use 
in the event of a mains failure. 

To meet the initial demand for circuits between Belfast and 
Dublin the route has been equipped with one supergroup of 
60 circuits using supergroup 3, which lies in the band 564- 
804kc/s. This can be added to in the course of time as traffic 


increases. No carrier circuits are used or envisaged between 
intermediate towns in Northern Ireland. 

Three types of repeater are used, namely terminal repeaters, 
dependent repeaters and power-feeding repeaters. A stabilized 
power supply at 650 volts is fed to the central conductors of the 
two coaxial tubes via a power filter, and is fed to the line through 
low-pass filters; high-pass filters in series with the carrier equip¬ 
ment prevent this 50 c/s supply from entering the repeater equip¬ 
ment. At each dependent repeater station the outgoing supply 
is stepped up to the line voltage by means of an auto-transformer 
before being applied to the next section of the line. 

The terminal repeater amplifies the output from the supergroup 
translating equipment, which is at a level of — 45dB, to the 
line level of — 15dB. The amplifier is a three-stage unit with a 
fixed nominal gain of 35dB and a fiat response over the entire 
frequency range. The two line pilots of 60 kc/s and 2 604kc/s 
are added at this point, and also the mains supply for feeding 
the dependent repeaters. 

The pilot frequencies are generated at the terminal station, 
and the amplitude of one or both of these is used at each repeater 
station to control the gain of the line amplifier. The pilot level 
is stabilized at each terminal station to a level of — 25±ldB 
into 75 ohms at the output of the transmit amplifier. 

The method of gain control is as follows. The pilot frequencies 
are separated amplified and rectified, and the resulting direct 
potential is used to bias two 2 kc/s oscillators so that the amplitude 
of oscillation varies according to the level of the appropriate 
pilot. These 2 kc/s tones are fed to thermistors in the negative- 
feedback path of the line amplifier so that the variations in the 
2kc/s tone derived from the 60 kc/s pilot alter the amplifier 
characteristic at the low-frequency end of its range, whilst 
variations in the 2kc/s tone derived from the 2 604kc/s pilot 
alter the line amplifier characteristic at the high-frequency end 
of the band. 

The 60 kc/s pilot control is not used at the intermediate 
dependent repeater stations, as changes in cable attenuation are 
less at the lower frequencies than at the high, so that the levels 
will remain closer to the predetermined working levels for longer 
distances at the lower end of the frequency range. 

Four wires of the intersticial pairs in the cable are used to 
indicate faults at any of the stations, the circuits being completed 
by an earth return. The four types of failure for which alarms 
operate are valve ageing, h.t. failure, and variation of the levels 
of the two pilot frequencies by more than 5dB. The valve¬ 
ageing alami is classed as non-urgent, and the three others as 
urgent and requiring immediate attention. 

Telegraph Services 

The installation of the coaxial cable, with its audio pairs, 
enabled a more reliable telegraph system to be provided between 
Belfast and Dublin, and a 12-channel v.f. telegraph system was 
installed at the same time, using two of the intersticial pairs. 

The automatic switching system was fully introduced into 
Northern Ireland in February, 1954. This system is based on 
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the principles employed in automatic telephony and uses the 
same type of equipment for switching a teleprinter circuit from 
any office to any other in the United Kingdom without the 
intervention of an intermediate operator. 

The layout of the trunk network is based on the provision of 
22 switching centres, which are divided into three categories 
called zone centres, switching centres class I and switching centres 
class II. There are six zone centres which are all directly con¬ 
nected with each other and to some switching centres of each 
class; there are eleven switching centres class I, which are con¬ 
nected to some zone centres and to certain of the other switching 
centres; and there are five switching centres class II, each of 
which is directly connected to at least one zone switching centre 
and to certain other switching centres depending upon the volume 
of tr3.flSc 

The numbering system is based on mixed letter and figure 
code and the areas served by each switching centre. By this 
means it is possible to issue a common directory for the whole 
country. From this an operator at Coleraine with a message 
for Newark would find from the directory the dialling code for 
Newark given as *^NG 221.” He would then find from the 
switching-centre dialling-code list that the number for Notting¬ 
ham is “325,” and so he would dial “325-221” and get straight 
through to the teleprinter at Newark and then immediately 
proceed to transmit his message. There are facilities provided 
for answer back from the distant end, busy signals, out-of-order 
signals and various alarms. 

Television Service to Belfast 

In the autumn of 1952 it was decided to set up a temporary 
television station in Northern Ireland to serve the Belfast area, 
and public transmission was to be available in time for the 
Coronation. The problem facing the Post Office in this enterprise 
was to provide a link between some point on the existing tele¬ 
vision network in Great Britain and the new station. Normally 
this would have been provided by means of a cable or radio link 
from the nearest point (Kirk o’Shotts), but to do this^ in the 
time available, including the manufacture of all the equipment, 
would have been impossible. 

Two alternative methods were considered; to receive on the 
Ayrshire coast the signals radiated from Kirk o’Shotts and relay 
them across the Irish Sea on a 200Mc/s link for which equipment 
was available; or to receive the direct transmission from Kirk 
o’Shotts at a suitable site near the proposed B.B.C. transmitter. 
Measurements of the Kirk o’Shotts field strength made both on 
the Ayrshire coast and near Belfast showed that the relay scheme 
had no advantage over direct pick-up near Belfast, which would 
also be a much simpler scheme to get going in the time, and it 
was therefore adopted. 

The site chosen for the Post Office receiving station was situated 
at the top of the Black Mountain at about 1 200ft, and the B.B.C. 
temporary transmitter was to be located at Glencairn at about 
400ft and a mile away from the Post Office receiving station. 
The link between these two sites is by means of a coaxial cable. 
This is a standard two-tube cable with 16 intersticial pairs which 
are used for supervisory and control purposes. The cable is 
armoured and is laid directly in the ground. Although the route 
is short it is extremely hazardous, having gradients greater than 
1 in 2 in parts, and there is also a difiicult ravine to negotiate. 
Here the cable has been suspended from stranded steel wires 
slung between poles on the banks. 

The field strength measurements of Kirk o’Shotts at the 
summit of the Black Mountain showed that normally about 
100 juV/m would be received and that an aerial array having a 


gain of some 15dB over a half-wave dipole would be necessary 
to give a margin of about 25 dB against fading before the signal 
became unusable. 

The aerial array consists of twelve inverted-V elements slung 
from a triatic supported by three 45 ft poles, the ends of each V 
being made off on to short poles. The twelve elements are 
combined into two groups of six to provide two entirely inde¬ 
pendent arrays each having a theoretical gain of 16'5dB. The 
measured gain of each array was found to be 15dB. The out¬ 
puts from the arrays are matched to a 75-ohm coaxial cable for 
leading to the receiver. 

This type of aerial system has the disadvantage of having a 
very broad bandwidth and will pick up signals down to the 
medium-frequency band, but the most serious source of inter¬ 
ference against which protection had to be provided was the 
adjacent B.B.C. television transmitter on 45 and 41 • 5 Mc/s. To 
help overcome this trouble a high-pass filter is included between 
the array and the receiver, and this gives attenuations of 28 dB 
at 45 Mc/s and 40 dB at 41-5 Mc/s. Rejection circuits are also 
included in the amplifier following the filter. 

The output from the high-pass filter is passed through a pre¬ 
amplifier to the receiver, which is fitted with automatic gain 
control. The television modulated carrier cannot be used for 
this purpose because its amplitude varies with the brightness of 
the transmitted picture as well as the signal strength of the 
carrier. Following each synchronizing pulse in the television 
signal there is a short period of black level during which the 
carrier amplitude represents the signal strength and can be used 
for control purposes. This particular portion of the signal is 
used to produce a direct voltage which keeps the black level of 
the receiver output constant. The receiver output is a video signal 
in the 0-3 Mc/s band with a peak-to-peak amplitude of 1 volt. 

For transmission ove’* the coaxial cable to Glencairn, a carrier 
of 6-12Mc/s is used, modulated by the video signal from the 
receiver. At Glencairn, after equalization, the signals are 
demodulated, amplified and fed to the B.B.C. transmitter through 
short coaxial leads. 

The power supply for the equipment is from the public supply 
mains at Glencairn. For the equipment at the top of the 
mountain the power is fed over the coaxial cable from Glencairn,' 
the radio equipment being protected by power filters. Two 
independent feeds are provided, one on each tube, and up to 
10 amp can be fed by this means, which is adequate for the 
equipment and also provides for lighting, heating and test 
equipment. In addition, an emergency 5kW Diesel set has been 
provided at the top of the mountain for any necessary additional 
heating or cooking facilities required, and it can also be used to 
run the equipment in the event of faults which require the cable 
to be isolated from the mains supply. 

The television link to Belfast has now been in service for about 
18 months, and since the scheme is of a somewhat experimental 
nature, it will be of interest to see how the link has behaved in 
practice. 

The 125-mile path from Kirk o’Shotts to Belfast is, of course, 
non-optical, and it was anticipated that there would be severe 
fades in the signal to an extent which would make it unusable. 
Their magnitude and duration were an unknown factor. Ex¬ 
perience to date has shown that deep fades do occur, but so far 
they have not seriously interfered with the service. The amount 
of lost time has averaged about 0*25% of the total transmission 
time, or about 8 min a week. 

The behaviom- of the equipment itself has been excellent, and 
the total amount of lost time from this cause, since the service 
started, has been less than 2 min. 
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By J. M. FERGUSON, B.Sc.(Eng.), Member. 

“SOME ASPECTS OF HIGH POWER PULSE GENERATORS” 

(Abstract of Address delivered at Stafford, Wth October, 1954.) 


The general arrangement of an impulse generator, shown in 
Fig. 1, consists of the following units: a supply, capable of 
delivering all the energy required by the pulse generator as a 



Fig. 1.—^Basic scheme for pulse generator. 


steady load; a store, into which the supply feeds, and taking one 
of several forms discussed later; a convertor —the energy stored 
need not be electrical, and as high-energy electrical impulses are 
being considered the store is coupled to the load by a convertor 
to convert the energy to an electrical form; a switch which 
controls the discharge into the load at the appropriate instant; 
if the whole energy is not to be used for each pulse, the switching 
device must be capable both of a making and a breaking duty. 

Energy Store .—^Any type of energy store can be used, provided 
it is capable of repetitive cycles. 

Five practical types of store which are used in a number of 
pulse generators will be examined: potential mechanical energy, 
dynamic energy, electromagnetic energy, electrostatic energy, and 
electrochemical energy. 


considerable losses which could be reduced by running either 
in a vacuum or in hydrogen, but the increased complications are 
not often considered worth while. For short pulse lengths, the 
only satisfactory store is electrostatic. 

Switch .—Conventional contactors for circuit-breakers exist to 
meet most conditions where low repetition and long pulse rates 
are involved. Air-break and air-blast types are the most likely 
to withstand heavy duty. 

Special consideration has been given to making and breaking 
devices which has enabled mechanical switches to be developed 
that will carry out switching operations at repetition rates of 
50 times per second with capacities of several thousands of 
amperes. These switches are used in a mechanical rectifier. 

For high repetition rates, high-vacuum triodes can be used, 
but the maximum voltage is limited by the emission of the filament 
at the peak voltage that the valve will withstand. 

Gas discharge devices of the following different types have 
been used: hot-cathode gas discharge valves, spark-gaps, cold- 
cathode diodes, and mercury-pool valves. The appropriate 
characteristics of each of these types of switch are discussed. 

A further type of switch consisting of a saturable iron-cored 
reactor can be used. High powers with short pulse lengths have 
been reached with this type of device. 


Table 1 


Type of energy store 


Duration of pulse discharge 

Storage losses 

Remarks 



Max. 

Min. 

Potential mechanical 

ft-lb/ft3 

3-12 X 103 

joules/ctn^ 

0*15 

Hours 

Hours 

watts/ft-lb 

Nil 

Based on water 

Dynamic 

5-0 X 105 

24 

Seconds 

Milliseconds 

6-0 X 10-4 

storage 

Electromagnetic 

250 

0-012 

Milliseconds 

Milliseconds 

30 

Losses based on 

Electrostatic 

M5 X 103 

0-052 

Hours 

Microseconds 

Very low 

10 millisec 
Impregnated paper 

Electrochemical 

os 

to 
X o 

o 

0-001 

78-5 

Hours 

Seconds 

Very low 

condensers 

Plants cells 


The following characteristics of these types of store, sum¬ 
marized in Table 1, are considered: space required for a given 
unit of energy stored, suitability for particular pulse length, and 
storage losses. 

Of these types of store the most efficient for its size is the 
electrochemical store, but unfortunately, owing to high internal 
impedance and polarization effects, short-time currents are 
severely limited. The 3-sec rating is normally not greater than 
22 times the 10-hour rate of current discharge, although high-duty 
cells can be obtained in which this is very significantly increased. 

For medium pulse lengths, the most generally used store is a 
rotating mass such as a flywheel or rotor. This gives rise to 
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High-Power Pulse Generators .—^Pulse generators can be used in 
the following general ways: 

Where the load fluctuates rapidly, as in rolling mills. 

Where conditions caused by the release of a single high-power pulse 
of energy for a short time are to be investigated, e.g. particle accelera¬ 
tion, cloud chambers, short-circuit testing and high-voltage impulse 
testing* 

Utilization of echo techniques for producing a high-power bxurst of 
radiation. 

The design of one example of each type of generator is con¬ 
sidered in relation to the fundamental characteristics outlined in 
the Address. For this purpose, the design of a hot reversing 
mill, a short-circuit testing plant and a pulse generator for radar, 
using a mercury-pool modulator valve, are considered. 

] 
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By D. EDMUNDSON, B.Sc.(Eng.), Member. 

“THE CHANGING OUTLOOK IN ELECTRICAL MEASUREMENTS” 

(Abstract of Address delivered at Rugby, 5 th October, 1954.) 


A singular feature of present-day electrical engineering is the 
increasing emphasis on mathematics, not only as a necessary 
basis, but as a practical tool, for the solution of specific problerns. 
Fifty years ago, when electrical engineering in Rugby was in its 
infancy, the mathematical basis of electrical machine design was 
being worked out by such men as Dr. Carter, who produced a 
complete solution of air-gap field problems, and Field and 
Taylor, who worked out solutions of the problem of eddy- 
currents in stator windings. In those days, experimental 
techniques were inadequate and many of the components on 
which we now depend for measurement work did not even exist; 
but to-day the position is entirely changed. It is difficult to 
point to an example of a measurement problem in electrical 
engineering which is incapable of solution in a practical, con¬ 
venient and reliable way. 

In the belief that this striking change in the possibility of 
measuring quantities only capable of mathematical estimation in 
the days of the pioneers has not been realized by many engineers, 
three simple examples were illustrated, with demonstrations. 

Measurement of Torque. —^In the year 1906, long before the 
introduction of conventional torque-meters, an interesting 
proposal was made by Mr. A. P. Young. He pointed out that 
the instantaneous value of the rate of deceleration of the rotor 
of a machine—a quantity required in the course of testing— 
could be obtained directly in a simple maimer. A d.c. generator 
driven by the shaft could produce a voltage proportional to 
speed, so that the rate of change of this voltage would be propor¬ 
tional to that of angular velocity, and hence to torque. This 
quantity Young proposed to obtain either by applying the voltage 
to a condenser, whose charging current would be its derivative, 
or by deriving from it a current to be passed through the primary 
winding of a mutual inductance; the secondary voltage would 
then be proportional to deceleration. Young actually attempted 
the method, but was unsuccessful only because instruments of the 
necessary sensitivity did not exist. Many years later, Dannatt 
and Redfearn used the same principle to measure the accelerating 
torque of an induction motor. Having now available both the 
valve amplifier and the Duddell oscillograph, they produced 
highly successful torque/time curves. Finally, a demonstration 
was given of the torque/speed curve which can be obtained using 
a cathode-ray oscillograph. Thus, a complete solution of what 
was an intractable problem 50 years ago has been obtained by 
modern measuring techniques. 

Measurement of Angular Velocity. —^Although for many years 
reliable tachometers have been available, these have had two 
main drawbacks. None has been capable of high precision, and 
all have imposed a load on the driven shaft which is unacceptable 
for light-power motors. The first condition was met during the 
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late war by adapting the principle of Maxwell’s commutator 
bridge, which was demonstrated. Long neglected because the 
apparent complexity of the traditional expressions for balance 
were considered to render it approximate only, the method is 
capable of high accuracy in an indicating instrument. This was 
achieved using components which had been available for many 
years; but its practical realization as, effectively, a pulse-counting 
device made its direct application to various forms of drive a 
simple matter. Using a magnetic pick-up and amplifier, speed 
can now be measured provided only that a shaft has some 
magnetic irregularity; failing even this, a photo-electric cell and 
amplifier can convey to the tachometer pulses derived from black 
and white markings. It is therefore easy to measure angular 
velocity with the highest precision without imposing any load 
whatever on a rotating shaft—another achievement which was 
out of the question 50 years ago. 

Measurement of Temperature. —As a final example, the use of 
thermocouples presents a further interesting demonstration of 
the change brought about by modern techniques. Until recently, 
their use at moderate temperatures was restricted to permanently 
installed, carefully engineered installations, or delicate null- 
methods, by the small value of the e.m.f. produced. This was 
insufficient to operate robust, portable instruments. A develop¬ 
ment of the potentiometer led to the negative-feedback chopper 
amplifier. In this, d.c. amplification is achieved by converting 
the d.c. signal to a.c. by mechanical means and reconverting it 
after amplification. The function of the amplifier is then to 
compare the e.m.f. from the thermocouple with that produced by 
the amplifier output current in a fixed resistor, and to ensure that 
there is negligible difference between them. This instrument is 
now portable, robust and accurate; indications are obtained as 
quickly as a d.c. ammeter can be read, while the resistance of the 
leads has no effect on the indications. Temperatures can be 
obtained from a variety of points in quick succession, and couple 
wires can be so thin that they do not abstract heat from materials 
of poor conductivity. 

These examples, few as they are among a multitude which 
could have been chosen, may serve to illustrate the difference 
between the approach to practical problems which is now open 
to the electrical engineer and that to which his predecessors 
were confined. How is he to take advantage of the new 
measuring techniques ? Although measurement and instrumenta¬ 
tion specialists are essential to their development, it is necessary 
for the man himself whose problem is to be solved to grasp the 
methods which are to be used, or he will never appreciate their 
limitations or possibilities. It is therefore the task of those of us 
directly concerned with measurement work to encourage our 
fellow-engineers not only to make use of our new ideas, but 
themselves to undertake the practical solution of measurement 
problems which may arise in the course of their work. 
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SOUTH-WESTERN SUB-CENTRE: CHAIRMAN’S ADDRESS 

By H. C. O. STANBURY, B.Sc.(Eng.), Member. 

“TELECOMMUNICATIONS—A REVIEW OF SOME ASPECTS” 
(Abstract of Address delivered at Plymouth, \Ath October, 1954.) 


Local Aspects 

The problem of developing the telephone system in an area 
which is largely rural lies in the extension of the local line plant 
rather than in the enlargement of the telephone exchanges. The 
Plymouth Telephone Area covers 1 850 square miles with 45 000 
subscribers spread over 137 exchanges. Of these subscribers 
17 300 are in seven urban territories, leaving 27 700 spread over 
127 small exchanges in the rural areas, an average of only 220 
subscribers per exchange. These exchanges have between them 
2 500 waiting applicants, an average of 20 per exchange. The 
rural areas concerned were not telephonically very productive 
before the war, but since then, owing to changed relative 
circumstances and costs, there has been a considerable demand, 
particularly from remote farmsteads. 

Post-war planning technique for telephone cable development 
includes the use of cabinets and pillars between the exchange 
and distribution points, the cable system being so designed that 
the smallest cables (15 pairs) between pillar and distribution 
points are laid to last for 20 years, because with cables of that 
size provision in instalments is uneconomic. The larger cables 
between cabinet and pillars are in general provided for 10 or 
11 years, and those between exchange and cabinets for 5 or 
6 years, with one or more additional instalments of cable 
scheduled for later in the 20-year period. Distribution-point 
cables are provided on the basis of a 70% fill, i.e. 10 pairs for 
every 7 subscribers expected, whereas pillar-and-cabinet cables 
are provided on the basis of a 90% fill. This is because the 
forecast demand for such a small unit as a distribution-point 
area must be more susceptible to error than is the case for large 
units of territory. Forecasts for exchange areas as a whole do 
prove in fact remarkably accurate. It follows that at each 
cabinet there will be terminated more pairs feeding out to the 
pillars than there are going back to the exchange, with a similar 
condition existing at each pillar where the aggregated distribu¬ 
tion-point pairs will exceed the pairs going back to the cabinet. 
In both cabinet and pillar are facilities for connecting any pair 
on the exchange side to any pair on the subscribers’ side, and the 
flexibility provided enables departure from the forecast in parts 
of the territory to be met without having to open joints and 
divert wires. 

This technique is fully applicable in urban areas, but in 
sparsely populated rural areas of the size mentioned earlier, 
there is no place for a cabinet. The number of cable pairs 
terminated at the exchange itself is in fact no more than could 
be terminated on a cabinet. In many cases there is not even 
sufficient demand in any one direction to justify the provision of 
a pillar. Thus the small cable from the furthermost distribution 
point in any one direction is run right back to exchange, growing 
in size as other distribution-point cables are joined to it en route, 
all provided on the basis of 20 years and a 70 % fill. It is thus 
clear that in terms of the number of subscribers likely to be 
connected in five years the scattered rural-exchange areas are 
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more expensive initially than are the urban areas. But in the 
former, if the forecast is good, the plant once laid will last for 
20 years, whereas in the latter additional instalments of cable 
will be required nearer the centre of the area during that period. 
Under limitations of capital expenditure, the most economic 
thing to do both from the point of view of early return for 
capital expended and of doing the greatest good for the greatest 
number is to spend most of the capital in urban areas. In a 
public service this has to be tempered by consideration for the 
position of people in rural territories, but a drive to clear up 
such areas in a short time would at its completion result in a 
redundancy of staff and a much reduced demand for capital, 
two factors which could contribute towards an undesirable 
deflationary effect. Thus there is still a waiting list, but a lot 
has been done. In the Plymouth Area subscribers are now 
being connected at twice the pre-war rate and the waiting list 
has fallen from 6 500 in 1949 to 4 500 in 1954. There are 
45 000 subscribers compared with 25 000 in 1945, and trunk calls 
per month have increased from 223 000 in 1945 to 464 000 
in 1954. 

National figures show a similar trend, and the number of 
telephones per 100 population is 11-8, 70% greater than it was 
in 1939. The United States also have increased their penetration 
by 70% since 1942, though the degree of penetration is admittedly 
just over two and a half times our own. 

Current Technical Developments 

The transatlantic telephone cable to be laid as a joint British- 
American project is to make use of the American-type repeaters 
with flexible housings between Newfoundland and Oban. This 
type of housing enables the repeaters to pass round the cable 
drums, etc,, with the cable, which can thus be laid without 
stopping the ship. But the smaller-diameter housing means 
that two cables must be used, one for each direction of trans¬ 
mission. In the Newfoundland-Nova Scotia section, for which 
the British Post Office will be responsible, the British type of 
repeater, with a rigid housing, will be used. This amplifies in 
both directions, with directional filters and equalizers on either 
side of the common amplifier, thus making possible the use of a 
single cable for transmission in both directions. All the cable 
laying will be carried out by H.M.T.S. Monarch, the largest 
cable ship in the world, with a gross tonnage of 8 056 and a 
loaded displacement of 14 000 tons. She was launched in 
August, 1945. 

A major component in the development of trunk mechanization 
and the cordless switchboard is the motor-driven uniselector. 
This has 200 outlets and is very fast in operation. The motor 
drive is cut on seizing the required outlet by the operation of a 
high-speed relay which releases the latch magnet, thus dropping 
a latch into the gear wheel fixed on the wiper spindle. 

A facsimile system of transmitting telegrams to small offices 
where the expense of a teleprinter and specially trained staff is 
not justified is under trial. 
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DISCUSSION ON 

‘‘A SURVEY OF ELECIRICAL CERAMICS”* 

SOUTH-WEST SCOTLAND SUB-CENTRE, AT GLASGOW, 4TH NOVEMBER, 1953 


Mr. D. S. Gordon: In their mention of the ferromagnetic 
spinels the authors do not give values of permeability and resis¬ 
tivity for typical modern materials. It appears that the charac¬ 
teristics of these spinels represent a significant improvement on 
those of other core materials at frequencies from a few tens of 
kilocycles per second upwards. Some typical characteristics 
would therefore be of value. 

No mention has been made of the piezo-electric properties of 
barium titanate and similar ceramics. Some very optimistic 
claims have been made for the sensitivity and general performance 
of electro-mechanical transducers employing these materials. 
On the other hand, more modest and apparently contradictory 
reports come from other sources. Could the authors give some 
authoritative figures for transducer elements made from available 
ceramics, so that their possible practical advantages might be 
assessed? 

Mr. G. Robinson: I notice that, in general, high-permittivity 
ceramic materials of the barium-titanate type are formed from 
ions which are di- and tetravalent and which have a perovskite 
crystal structure. Have any high-permittivity ceramics been 
made from ions which are mono-, tri- or pentavalent, and have 
materials of a different crystal structure been found suitable? 

In order to increase the capacitance of dielectrics, the form of 
stacked discs or plates is preferable to the tube form of ceramic, 
although it is more difficult to manufacture. I believe that the 
mineral clay bentonite (which can be prepared in the form of 
thin sheets) was proposed a few years ago, initially as a sub¬ 
stitute for mica. It suffered from various disadvantages at that 
time. Has any recent work been carried out to improve its 
properties in relation to its use as a dielectric ? 

Mr. R. A. F. Bouette: In the manufacture of ceramic capacitors 
using rutile tubes, a problem is encountered sufficiently frequently 
to be troublesome. A typical capacitor would withstand success¬ 
fully one, or several, tests at a voltage of up to 2kV—^this being 
well under the ultimate breakdown voltage for the ceramic 
material used. When this capacitor is then operated at its 
normal working voltage of, say, 100-200 volts d.c., it would 
function normally for a time, and then, after probably several 
months of operation, it would break through the ceramic di¬ 
electric. 

Could this be due to the initial test voltage causing a strain in 
the dielectric which ultimately leads to breakdown, or does the 
normal operation at working voltage, imposing a constant stress 
on the dielectric, gradually lead to an electrolytic change in the 
ceramic, which would again lead to breakdown? 

Mr. T. Hall: A phenomenon which is noticed in the appli¬ 
cation of ceramics to r.f. circuits is “scintillation.” The effect 
of this may readily be observed, but the literature available on 
the subject refers to it as random changes and fluctuations in 

♦ Robinson, W. G., and Bloor, E. C., Paper No. 1452 M, March, 1953 (see 100, 
Part IIA, p. 247), 


the capacitor, and mentions rather vaguely the probable causes. 
Could the authors give any information on the subject? 

Messrs. W. G. Robinson and E. C. Bloor (m reply): Mr. 
Gordon asks for further information on the ferromagnetic 
spinels. There are many materials now available with charac¬ 
teristics suitable for various purposes. Core materials for use 
at audio and high frequencies have initial permeabilities of 
20-1 000 and maximum permeabilities of 100-4 000, Volume 
resistivities are of the order of lO'^-lO'^ ohm-cm. The charac¬ 
teristics are frequency dependent, and the permeability falls to 
2-20 at 108 c/s. Other ferrites have been developed having high 
residual magnetism, for use as permanent magnets (retentivity 
up to 2 700 gauss), while others have rectangular hysteresis loops 
and are used as memory devices in computers. 

The piezo-electric properties of barium titanate are dealt with 
in Reference 67 of the Bibliography, which refers to many ori¬ 
ginal papers on this subject. In practice, the piezo-electric 
properties of barium titanate are profoundly affected by the 
presence of small amounts of other materials, and this probably 
accounts for the variable and contradictory reports to which 
Mr. Gordon refers. Barium titanate with the addition of a small 
percentage of lead titanate has given good results, and coupling 
coefficients of 0-1-0'5 are obtained. 

In reply to Mr. G. Robinson, there are a number of materials 
with crystal structures similar to that of barium titanate which 
exhibit high permittivity, e.g. the columbates and tantalates of 
sodium and potassium which involve valencies other than 2 and 4. 

Some of the ferrites which have the inverse spinel crystal 
structure also have high permittivities but are unsuitable for 
use as dielectrics on account of their low resistivity. 

There has been some progress in the manufacture of ceramics 
in thin sheet form, the materials used being barium titanates 
with permittivities of 1 000-3 000. Bentonite is not now con¬ 
sidered for this purpose on account of its low permittivity 
(about 6). 

Mr. Bouette refers to the electrical breakdown of rutile 
materials after prolonged periods at comparatively low electrical 
stress. There are a number of possible explanations of this. 
The presence of small amounts of semi-conducting titanates or 
the reduction of titanium dioxide to the semi-conducting form 
Ti 203 could lead to deterioration. Reduction of rutile can 
occur at temperatures as low as 600° C and may take place in 
the silvering process. This subject has recently been dealt with 
by W. A. Weyl and N. A. Terhune,t and it does not seem likely 
that the high test-voltage has any influence. 

The phenomenon of scintillation as observed in ceramic 
capacitors appears to be due to the rather indefinite edge of the 
deposited silver electrodes. Further information on this subject 
may be found in E.R.A, Report Ref, L/T181. 

t Weyl, W. A., and Terhune, N. A.: Ceramic Age, 1953, 62, p. 23, 
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SUMMARY 

Equipment has been constructed at the National Physical Laboratory 
for the automatic measurement and recording of the standard fre¬ 
quencies transmitted by MSF, Rugby, on 60kc/s, 2-5, 5 and lOMc/s, 
and also the carrier frequency of Droitwich, 200kc/s. For the latter 
and MSF 60kc/s, the methods of measurement are an extension of 
those already well established for the intercomparison of the N.P.L. 
frequency standards. The standard deviation of measurements lasting 
a few seconds is 2-3 parts in 109 for MSF 60kc/s, and 3-4 parts in 
109 for Droitwich. 

Measurements of the phase of the 1 c/s pulse modulation on MSF 
60kc/s can be made with very high precision. In daily comparisons, 
the scatter of a group of 60 readings does not usually exceed 
30 microsec. 

By a process involving frequency changing by continuous phase 
shifting, the received frequencies of MSF 2-5 and 5Mc/s are recorded 
on a frequency meter of range ± 1 c/s, the discrimination being 2 parts 
and 1 part in 108 at these frequencies, respectively. The records 
obtained show well-defined diurnal variations on 2 • 5 Mc/s, particularly 
at sunrise, where the deviations may amount to several parts in 107. 
The received frequency of 5 Mc/s is subject to continuous variations 
over a range of about 1 part in 107 during daylight hours; in darkness 
larger changes are recorded. 


(1) INTRODUCTION 

A service of standard frequency transmissions has been 
provided from the Post Office Station, MSF, Rugby, since 
February, 1950. These transmissions are sponsored by the 
National Physical Laboratory, whose responsibility it is to ensure 
that the frequencies radiated do not depart from no min al by 
more than the stated tolerance of +2 parts in 10^ when measured 
in terms of the frequency standard maintained in the Electricity 
Division. In addition to certifying the values of transmitted fre¬ 
quency, it is important also to investigate the variations induced 
by ionospheric transmission in the received frequencies of the 
several high-frequency transmissions in use and thus to evaluate 
the relative usefulness of these transmissions. Once the mag¬ 
nitude and incidence of these frequency changes has been 
determined, some guidance can be given to users as to the 
stability to be expected in the carrier and modulation frequencies 
and the periods of the day when the signals may be used with 
the highest accuracy. 

It was to ensure the satisfactory discharge of these monitoring 
functions that the standard frequency monitor was constructed. 
In its design, emphasis has been laid on automatic, unattended, 
operation so that the necessary measurements may be carried 
out without undue demands on the time of the available staff. 
The description of the monitor falls naturally into three main 
divisions. The ffist is devoted to the measurement of the 
transmissions of MSF 60kc/s and Droitwich 200kc/s. The MSF 
transmission, which is made for one hour each day forms a link 
between the local frequency standard at Rugby and the fre¬ 
quency standard of the Laboratory, for the ground wave largely 
predominates in the received signal, and measurements of the 


received frequency may therefore be taken to apply also to the 
transmitted frequency. The carrier frequency of the transmission 
of the British Broadcasting Corporation on 200kc/s is controlled 
within about ±5 parts in 10^ of nominal and is known to be 
widely used in this country as a secondary frequency standard. 
Its frequency is measured at the Laboratory continuously and 
automatically during all the hours of transmission. 

Both MSF 60kc/s and Droitwich are strongly received, and 
since their frequencies show little deviation from their nominal 
values, it has been found practicable to measure them by an 
extension of the methods used for the continuous and automatic 
intercomparison of the lOOkc/s oscillators in the frequency 
standard. 

The second part of the paper is concerned with the methods 
for the precise measurement of the phase of the 1 c/s pulse 
modulation carried by all MSF transmissions for five minutes of 
each quarter-hour transmission. The highest accuracy in com¬ 
paring the phase of the received pulses with pulses generated in 
the frequency standard is realized by use of the 60kc/s trans¬ 
mission, and measurements have been largely confined to this 
frequency. With the advent of continuous high-frequency 
transmissions in May, 1953, the stability of pulse reception on 
these frequencies has also been investigated. 

Finally, the measurement of the frequencies of the MSF 
transmissions on 2‘5 and 5Mc/s is described. Owing to the 
wide variations in received frequency and the fluctuating character 
of the signals, as compared with the low-frequency transmission, 
a fresh approach to the problem of frequency measurement was 
necessary. The method finally adopted has proved very satis¬ 
factory in practice and may be readily applied to other standard 
frequencies in the range 2'5-25 Mc/s. This part of the monitor 
has been in continuous operation since May, 1953. Examples of 
the results obtained are given and some of the more interesting 
effects are discussed, 

(2) LOW FREQUENCY MEASUREMENT 
(2.1) Manual Frequency Comparison at lOOkc/s 

Before measurement, MSF 60kc/s and Droitwich 200kc/s are 
converted to l(X)kc/s by mixing with suitable local oscillator 
frequencies in their respective receivers. Thereafter, both signals 
are treated for comparison purposes precisely as if they were 
generated locally and they take their place in the system of 
measurement at lOOkc/s along with the oscillators of the fre¬ 
quency standard. The following account of the method of 
frequency comparison applies equally, therefore, to received 
signal and local standard. 

The relative frequency of any two lOOkc/s oscillators is found 
by beating them together and measuring the duration of one 
complete beat period. Since the measurement takes place in 
the elapsed time of one beat, what is involved essentially is a 
determination of the relative phase of the oscillations. This is 
accomplished in the phase comparator due to Law.^ In this 
instrument the two frequencies are applied to a form of phase 
discriminator whose output falls to zero twice in each beat 
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period at relative phase angles of about 90° and 270°. The 
beat period is defined by short pulses produced at successive 
passages through zero in the same direction. Law estimates 
that the error of the phase comparison is not greater than 
±0-004°, or about 1 part in 10^ of the total beat period. 
This precision is at least ten times greater than is required in 
routine frequency comparisons on the monitor. 

By means of circuits internal to the phase comparator, pulses 
denoting the beginning and end of the beat period are routed, 
respectively, to the “start” and “stop” terminals of an electronic 
counter of commercial design. This has five stages of decimal 
indication, and the time interval between the two pulses may be 
read from dials which show the total number of oscillations of 
the counter-driving frequency in the duration of the beat period. 
When the counter is supplied with a counting frequency which is 
a power of ten, the beat period is given direct in seconds and 
decimal parts of a second. The accuracy of any one measurement 
of time interval is limited to ± 1 unit in the last decade, or to 
1 000, 100 or lOmicrosec when the counting frequency is 10^, lO'^ 
or 105 c/s, respectively. 

For routine manual frequency comparisons two oscillators are 
connected to the phase comparator and a counting frequency 
is chosen which will yield the desired accuracy of measurement, 
depending upon the length of the beat period and the relative 
short-term stability of the oscillators. Thus, for a comparison 
between two of the principal oscillators in the frequency stan¬ 
dard, the beat period is about 70sec, and with a relative stability 
of about ±1 part in 10^® a counting frequency of Ikc/s is more 
than adequate. Shorter beats lasting about 2-5sec occur fre¬ 
quently in other comparisons, with the same stability, and for 
these the counting frequency is increased to lOkc/s. For these 
shorter beats ten consecutive measurements of alternate beat 
periods are taken. The resetting of the counter to zero after 
each measurement is accomplished automatically by a relay in 
the phase comparator. If so desired, the reset may be omitted 
and the readings allowed to accumulate on the register of the 
counter, until, with the tenth count, the mean beat period is 
obtained without further calculation. 

(2.2) Automatic Measurement 

To extend the method of comparison described above to 
automatic operation requires the provision of a recording counter 
and some system of switching which will present to the phase 
comparator pairs of oscillators for comparison according to some 
prearranged schedule. It is necessary, also, to supply the counter 
with the correct counting frequency for each comparison. 

For automatic measurement it has been found possible to 
simplify the design of the counter considerably in virtue of the 
fact that all the sources of lOOkc/s, both local and received, are 
exceedingly stable and change their relative frequencies only very 
slowly. In most comparisons the change in beat period in the 
course of a week will not usually exceed 0 • 1 % and may only 
amount to 5% in an interval of two months. Thus, once the 
total beat period has been measured, its full determination need 
not be repeated at every subsequent measurement. It is sufficient 
if the counter for use in the automatic monitor is able to accom¬ 
modate only the changes in beat period within some suitable 
range which need be only a fraction of the full range of the 
decimal counter used in manual comparisons. In practice, the 
maximum register of the automatic counter is set at 0-25% of 
that of the manual instrument. A further point of difference in 
the counters is that the binary, as opposed to the decimal, scale 
is chosen for automatic recording. This change leads to rather 
more convenient and reliable operation of the counter. 

In the course of a measurement of beat period, the recording 
counter will normally re-cycle many times, and as there are eight 


binary stages the number registered on receipt of the stop pulse 
is the remainder following the repeated subtraction of 2^, or 256, 
from the total beat period. This number which lies, of course, 
between 0 and 255 is recorded not in its original digital form 
but in analogue form by producing a direct voltage which is 
proportional to it and using a recording millivoltmeter as the 
final indicator. The scale of this instrument is therefore a time 
scale with a maximum value of 255 periods of the counting fre¬ 
quency. The arrangement is shown in outline in Fig. 1. 



Fig* 1*—System of automatic frequency comparison at lOOkc/s. 

The analogue of the counter readings is established by asso¬ 
ciating with each binary stage a pair of relay contacts. These are 
normally closed, and in this position the current flowing in each 
branch of the ladder network is determined by the series resis¬ 
tances The corresponding conductances are chosen to be 

in geometric progression with index of 2, i.e. Gg = IG-j = 

= • • • — 27^1, and thus a scale of current is obtained in the 
eight branches of the network parallel to the scale of the 
counter. Each pair of contacts is caused to open when the 
stage associated with it has registered, i.e, for the nth stage when 
the count has reached the value 2"~^, and so the change in current 
is proportional to the value of the corresponding counter stage. 

The ladder network is supplied from a 10 volt stabilized source 
through a small series resistance which is much smaller than 
i?8 the smallest of the series resistances. It acts, therefore, as a 
Slimming resistance for all the individual branch currents and 
the voltage across it is thus a measure, to some scale, of the total 
count registered by the counter. This voltage is applied in 
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series with the scale-adjusting resistance R to the recording 
millivoltmeter. 

(2.3) Accuracy of Automatic Recorder 

The scale of the recording millivoltmeter—or recorder, as it 
will be called—is a time scale, but it is more convenient in 
practice to use it direct as a scale of frequency difference. The 
frequency discrimination of the instrument is most easily seen 
by writing in the form: 

Sf St ^ St ^ 

■ ■ ' ■ 

Sf, St are the corresponding uncertainties in frequency and time, 
/ is the nominal frequency of comparison and t is the time, in 
seconds, for one beat. 

The left-hand side of eqn. (1) may be computed for given values 
of /, t and St. The last is taken as one division of the chart 
of the recorder, and as this is ruled into 50 divisions, St corre¬ 
sponds to 255/50, or 5 • 1, periods of the counting frequency. The 
frequency of comparison, /, is lOOkc/s, and in the automatic 
recording of the N.P.L. frequency standards and of received 
transmissions, the range of t is about 2-5 sec. Taking the above 
values of the parameters, S///, which may be called the scale 
factor, or change in frequency per chart division, is shown 
plotted in Fig. 2 for values of t of 1-7sec. In the majority 


I kc/l COUNTING FREQUENCY lO kc/s 



Fig. 2,—Recorder scale factor for counting frequencies of Ikc/s and 

10 kc/s. 

of frequency comparisons either Ikc/s or 10 kc/s is a suitable 
counting frequency and two scales are provided, one appro¬ 
priate to Ike/s'when St = 5Tmillisec and the other to lOkc/s 
when Sr = 0-51millisec. Other counting frequencies may be 
used, and there is no longer any advantage in restricting them 
to decimal powers as was convenient in manual comparisons. 


since the binary scale of counting is used; moreover, a scale 
factor intervenes in interpreting the readings of the chart record. 

From Fig. 2 it will be seen that the scale factor varies over a 
wide range: the minimum value is about 5 parts in IQS for a beat 
of one second, counting at 1 kc/s, rising to a maximum of 1 part 
in 10^° for a beat of 7 sec, counting at 10 kc/s. When the highest 
discrimination is required the counting frequency is increased to 
50kc/s, yielding a scale factor of 1 - 6 parts in 10^® for a beat of 
2-5800, which is of common occurence. If the condition of 
eqn. (1) is satisfied, i.e. if Stlt < 1, the chart of the recorder is 
a linear scale of frequency difference and the scale factor applies 
unchanged across its width. It is not always possible to satisfy 
this condition, however, and then the scale factor appropriate to 
the mean position of the trace on the chart must be used. Thus 
if 8//r = 1/10, the scale factor varies by about 20% in passing 
from one side of the chart to the other. This non-linearity of 
the scale for some comparisons is not, in practice, a serious 
limitation, for the changes in beat period take place slowly and 
the total beat period is checked at intervals in routine manual 
comparisons. From these measurements the value of scale 
factor is found by means of Fig. 2 and the factor in use is adjusted, 
if necessary. 

When applying Fig. 2 to the determination of scale factors for 
the received signals on 60kc/s and 200kc/s, the ordinates as given 
require adjustment. It will be clear later from the description 
of the receivers for these two frequencies that the error in cycles 
per second at lOOkc/s is the same at either 60kc/s or 200kc/s. 
Therefore, for MSF, the ordinates of Fig. 2 should be divided by 
0-6, and for Droitwich, by 2, to give the correct scale factor in 
each case, for changes in the received frequencies. 

(2.4) The Recorder 

In addition to recording the length of the beat period as 
registered by the recording counter at the end of each beat, the 
recorder performs a number of other functions. It is a multi¬ 
channel instrument in which the movement is connected in turn 
to ten separate circuits by means of cam-operated, single-pole 
mercury switches, each of which remains closed for 18 sec, 
the complete scan therefore occupying 3min. The position 
which the movement takes up in each 18 sec period is recorded 
at the end of that time, when the pointer is forced into contact 
with the paper chart. The various channels are distinguished 
by interposing a multi-coloured ribbon between paper and 
pointer. The chart-speed is 15 mm/h. 

For the purposes of the monitor the recorder movement is 
separated from the mercury switches and is coimected per¬ 
manently across the summing resistor Rg of Fig. 1. All but one 
of the ten switches are used to apply the various counting fre¬ 
quencies to the recording counter. The time scale of the whole 
automatic measuring system is determined by the speed of 
rotation of the camshaft driving the switches, 18 sec being avail¬ 
able for each frequency measurement and the recording of the 
result. It is necessary in some comparisons to parallel two 
channels and thus double the time in which measurement 
may take place. Operated also by the camshaft are other 
switches performing necessary resetting operations every 18 or 
36sec: the mercury switch not used for counting frequencies 
provides an overall reset to the measuring system at the end of 
every cycle of 3 min. 

In Fig. 1 it will be seen that the countmg frequencies from the 
recorder pass to what is called an “actuating unit.” This is an 
adaptation of a component part of the counter used for manual 
comparisons. It converts the sinusoidal waveforms supplied to 
it into square waveforms suitable for driving the counter. By 
means of gating circuits, controlled by the start and stop pulses 
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from the phase comparator, the counting frequency is applied to 
the counter for the duration of the beat period. 

(2.5) The Electronic Switch 

To complete the basic equipment for automatic measurement 
it is necessary to provide for the switching of a number of 
oscillators in turn to the phase comparator. In the system of 


the output of the switch due to the effect of leakage from the 
sources connected to isolated channels is some 60 to 70 dB below 
the normal signal level. 

In the “on” and “off” positions of each pentode, potentials of 
+20 and — 20 volts, respectively, relative to the cathode potential, 
are applied to the suppressor grid. These switching potentials 
are provided by the crystal diode matrix shown in Fig. 3. The 


SCALE OF EIGHT 



Fig. 3.—Schematic of 8-channel electronic switch. 


measurement adopted in the monitor, one of the standard oscil¬ 
lators functions as a transfer standard and is connected per¬ 
manently to one input of the phase comparator. Associated 
with the other input is what may be termed a single-pole multi¬ 
way switch. 

The principal requirement to be met in the design of the switch 
is that the leakage of the signal between channels shall not reduce 
appreciably the accuracy of comparison that can be obtained in 
the absence of the switch. This requirement is rendered less 
stringent by the fact that all the sources of lOOkc/s normally 
connected to the switch occupy a very small range in frequency, 
not greater than 15 parts in lO®. Considering crosstalk simply as 
frequency modulation of one oscillator by another, an attenuation 
between charmels of 60 dB is sufficient to reduce the maximum 
intermodulation effect to 15 parts in lO^h This figure is of the 
same order as the short-period stability in any of the comparisons 
conducted on the monitor. 

The required level of attenuation is realized in the switch by 
purely electronic means, using as the isolating element in each 
channel a pentode Type CV329 or CV2209. This valve has a 
short suppressor base of about 10 volts with normal potentials 
on the other electrodes. Eight valves are used in the switch 
with their anodes connected to a common load resistor. When 
operated at a screen potential of 20 volts, the residual signal at 


purpose of the matrix is to relate the eight possible states of 
the scale-of-eight circuit to the eight possible positions of the 
switch, A fraction of the voltage at the anodes of each of the 
six valves in the scale is transferred by means of cathode followers 
to the six vertical busbars. The eight horizontal busbars 
terminate at one end on the suppressor grids of the gate valves, 
while at the other end each is connected by diodes to three of the 
vertical bars. For any configuration of the scale-of-eight, three 
of the vertical busbars are necessarily at a higher potential than 
the remainder. The connections of the diodes ensure that only 
one of the horizontal bars is attached to all three vertical bars 
at the higher potential and thus only one gate valve is turned on. 
All the other horizontal bars, being connected by one, or possibly 
two, diodes to vertical bars at the lower potential, remain tied 
to that value. 

The successive positions of the switch are selected by the 
number of pulses received by the scale-of-eight. For example, 
when it has received five pulses, vertical bars 1, 3 and 6 are 
high in potential relative to 2, 4 and 5 and the fifth horizontal 
bar, being the only one connected to all three of the former, is 
therefore at +20 volts relative to the cathode of the gate valve. 
The input to channel 5 is thus the only one to appear across the 
common anode load and hence at the input of the phase com¬ 
parator. In automatic operation the operating pulses are sup- 
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plied by the actuating unit, while for manual comparisons a 
telephone dial selector is used to produce a preset number of 
pulses for the selection of any desired channel. 

(2.6) Organization of Frequency Comparison at lOOkc/s 

The component parts of the measuring system having been 
described, it may be helpful to supplement Fig. 1 by following 
through a complete cycle of operation. 

Assuming that an overall reset has been applied to the system 
by means of the switch in the recorder, the input on channel 1 
of the switch is now connected to the phase comparator, and beats 
with the transfer oscillator. The required counting frequency 
is supplied to the actuating unit and the beat period between 
the oscillations is measured by the recording counter. Coincident 
with the receipt of the stop pulse from the comparator, the 
actuating unit pulses the electronic switch to channel 2. A fresh 
oscillator is counted to the phase comparator, but no measure¬ 
ment of beat period is possible until the end of the first 18 sec 
period, when the number held in the counter is registered on the 
chart of the recorder. Until this has been done and the counter 
has been reset, the actuating unit remains insensitive to the 
sequence of start and stop pulses from the phase comparator. 


the transfer oscillator. The latter does not possess the high 
stability of the ring oscillators, but it is useful in the operation of 
the automatic equipment, since, being 4 parts in 10^ from nominal, 
it gives a conveniently short beat with all the other oscillators 
and received signals. The transfer oscillator, as its name implies, 
is not used for absolute measurements. All measurements made 
in terms of it are transferred by means of the chart records to one 
of the ring oscillators for final determinations of frequency. 
The scale factor for the records (a), (b) and (c), for which the 
counting frequency is lOkc/s, is about 8 parts in 10^° per division, 
and it is clear from the sympathetic changes in all three records 
that the source of variation lies largely, not in the rings, but in 
the common oscillator. 

(2.8) The Reception of MSF 60kc/s and Droitwich 200kc/s 

High field-strengths are provided by both MSF 60kc/s and 
Droitwich, and the receiving equipment need not therefore be 
elaborate. The signals are received on a common aerial, a 
large inverted-L, 250 ft long and about 80 ft high. It is situated 
some 200yd from the measuring station, to which it is connected 
by underground coaxial cable. A cathode follower is used as 
an impedance transformer between aerial and cable. 
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Fig. 4.—Record of lOOkc/s frequency recorder for a period of 24 hours, commencing 1200 U.T. on 27th February, 1954. 

MSF 60kc/s is recorded between 1430 and 1530 U.T. on the first day and Droitwich 200kc/s during all its hours of transmission. 

Traces («), (6) and (c) are intercomparisons of N.P.L. standards. 


The first record having been made, the actuating unit is reset, the 
second frequency comparison proceeds, and the result is recorded 
at the end of a further period of 18 sec. 

A series of comparisons is thus made and recorded until all 
the inputs to the switch have been measured relative to the 
transfer oscillator. On the first unoccupied channel of the 
switch the process comes to a halt, there being then only one 
oscillator connected to the phase comparator. No further com¬ 
parison is possible until the overall reset is applied at the end of 
the 3 min cycle. Since a vacant channel interrupts the progres¬ 
sion of measurements it is necessary to place the output of the 
Droitwich and MSF receivers on the later channels of the switch, 
after the oscillators in the frequency standard, so that the com¬ 
parison of the latter may proceed at all times. Likewise, Droit¬ 
wich precedes MSF in the switching sequence since its 
transmitting period embraces that of MSF. 


The received signals are converted to lOOkc/s in specially con¬ 
structed, fixed-frequency receivers. Fig. 5 is a block schematic 
of the receiver for MSF. The receiver for Droitwich is similar 
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(2.7) Results at lOOkc/s 

A section of the chart of the frequency recorder covering a 
period of 24 hours commencing at midday is reproduced in 
Fig. 4. The records of the received frequencies of MSF and 
Droitwich will be fully discussed in a later Section. Of the 
remaining traces, those labelled (a), (b) and (c) are the records of 
the comparison of the three high-precision ring oscillators, which 
form the basis of the frequency standard of the Laboratory, with 


Fig. 5.—Schematic of receiver and local-oscillator generator for 

MSF 60kc/s. 

in general design. Following two stages of signal amplification, 
the received frequency is mixed with 160kc/s in the case of MSF 
and 300kc/s for Droitwich to yield a final output at lOOkc/s in 
both receivers. The local oscillator at 160kc/s is obtained by 
regenerative multiplication as shown in Fig. 5: the 300kc/s for 
Droitwich is produced by straightforward multiplication from 
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lOOkc/s. A narrow-band crystal filter may be inserted after the 
mixer to reduce the level of unwanted modulation or noise. 

(2.9) The Measurement of MSF 60kc/s and Droitwich 200kc/s 

Before discussing the accuracy of the measurements of the 
received frequencies of MSF and Droitwich, it is worth while 
recalling the method of measurement and emphasizing that the 
value obtained in the frequency comparison is a mean value 
averaged over the beat period. This point is well illustrated by 
an occuiTence shortly after the start of MSF transmission in 1950. 
A user reported that he was unable, after removing all known 
sources of variation in his equipment, to adjust a local standard 
of 3Mc/s to zero beat with the 50th harmonic of MSF 60kc/s. 
The MSF carrier, it appeared, was subject to more or less 
regular phase variations of amplitude approximately 0-07° at 
a repetition frequency of about Ic/s. At this time, measure¬ 
ments were being conducted at the N.P.L. with a beat period 
of about 8 sec, and consequently the maximum effect which tliis 
modulation could produce was to vary the phase by 0T4° in 
this period, corresponding to a change in mean frequency of 
roughly 2 parts in 10^. This was only slightly more than the 
normal accuracy of measurement, and the modulation went 
undetected until means were devised for “looking” at the phase 
of the carrier over a very much shorter period, when the presence 
of the effect was confirmed. The Post Office identified the source 
of the trouble at the transmitter and steps were taken to 
remove it. 

An example of the measurement of the received frequencies 
of MSF and Droitwich has already been seen in Fig. 4. MSF 
is recorded during its one-hour transmission, commencing at 
1430 U.T. The beat period for this record is 4-Osec, and the 
scale factor 5 parts in 10^ per division. The scatter of the points 
falls within the limit of about one division, and the mean frequency 
during the hour may be estimated with an error of less than 2 parts 
in 10^. Similar results are obtained in manual measurements 
where the standard deviation of a group of ten readings is 
generally between 2 and 3 parts in 10^. 

Droitwich is recorded with a beat period of 2-2560, the scale 
factor being the same as for MSF, namely 5 parts in 10^ per 
division. The short-period scatter extends to some two divisions, 
or 1 part in lO^, and during the 24h period the frequency varies 
over a range of about 5 divisions, or 2 • 5 parts in lO^. In manual 
comparisons, the standard deviation of a series of ten measure¬ 
ments usually lies between 3 and 4 parts in 10^. 

There is some gain in accuracy in the use of longer- 


ensures that the distortion of the pulse waveform is small; 
it also reduces the delay through the receiver. 

As received, the form of the pulse is not well suited to precise 
measurement, and it is necessary to specify a reference point in 
the pulse length of 5 millisec. The point chosen is that marked A 
in Fig. 6, which is a representation of the first three half-cycles 



Fig. 6.—First three half-cycles of 1 c/s pulse waveform. 

The trigger point is marked A. 


of the pulse waveform. By means of the circuit described below, 
a pulse of duration a few microseconds is produced at this 
point. The pulse is applied to the start circuit of a decimal 
counter similar to those used for manual frequency comparisons. 
To the stop circuit of the counter are connected permanently 
pulses at a repetition frequency of 10 c/s generated from one of 
the standard oscillators. The counter is supplied with lOOkc/s 
counting frequency, and so the delay between received and stan¬ 
dard pulses, which lies in the range 0-0 • 1 sec, may be measured 
with a reading accuracy of lOmicrosec. 

An amplitude comparator of the “multiar” type^>^ generates 
the short pulses at the reference point: the circuit is shown in 
Fig. 7. The feedback path of the blocking oscillator is completed 
through diode Vj in series with the secondary of the receiver 
output transformer, one side of which is returned to the slider 
of the voltage divider R. The latter provides a positive bias to 
the cathode of the diode: in the absence of a signal the diode is 
non-conducting, the feedback path is broken and the circuit is 
therefore quiescent. 


beat periods, and both transmissions are compared 
directly with one of the ring oscillators. The beat 
period for MSF is 170sec, and for Droitwich about 
50 sec. Three readings are taken and the maximum 
difference does not often exceed 1 part in 10^. 

(3) THE MEASUREMENT OF THE PHASE OF 
THE 1 C/S MODULATION 

(3.1) Method of Measurement 

Pulse modulation at Ic/s is applied to all MSF 
transmissions in the second five minutes of each 
quarter-hour period. The pulses take the form- 
now widely adopted for standard frequency trans¬ 
missions—of five complete sinusoidal oscillations at a 
frequency of 1 kc/s, commencing with a positive half¬ 
cycle. All the pulse transmissions are received on a 
communication-type receiver. The choice of the 
relatively large pass band of ±750 c/s, although it 
increases the effect of noise and interfering signals, 



Fig. 7.—Circuit of “multiar” amplitude comparator used in pulse measurements. 



161 


STEELE: THE STANDARD FREQUENCY MONITOR AT THE NATIONAL PHYSICAL LABORATORY 


On receipt of a pulse the cathode of Vj is carried negative in 
the second half-cycle of the pulse waveform, and when the 
amplitude of the pulse is sufficiently great to cancel the bias 
potential the diode conducts, regeneration occurs and a sharp 
pulse is obtained from the output of the blocking oscillator. 
More than one pulse is produced, since the time-constants asso¬ 
ciated with the grid circuit of V 2 are very short, but those addi¬ 
tional pulses are without effect on the counter, the start circuit 
of which is inactive following its operation by the first pulse. 
The cathode potential of Vj, and with it now the grid potential 
of V 2 , since the diode is conducting, continues to fall with the 
signal potential until finally V 2 is cut off when the pulse amplitude 
is sufficiently large. Additional pulses are generated when the 
pulse potential passes through the grid base of V 2 in succeeding 
cycles, but, as before, these are irrelevant to the further triggering 
of the counter. 

To ensure high precision in triggering the multiar, a large pulse 
amplitude of 40 volts peak-to-peak is used. The slope at the 
point A is thus 130volts/millisec, or 1-3 volts per lOmicrosec, 
i.e. 1-3 volts for a change of one place in the last decade of the 
counter. The largest source of circuit instability is presumed to 
lie in variations in the heater voltage of Vj. Any such effect 
must, however, be small, since later designs of the circuit using a 
crystal diode for Vi have shown no significant difference in 
performance. Another source of error is variation in pulse 
amplitude. As indicated in Fig. 6 the delay between O and A 
is about 20° in phase or 60 microsec in time. If the counter 
reading is not to change by more than one unit in the last place, 
amplitude variations must not exceed about 20% of the peak 
value. This requirement is easily satisfied for reception of MSF 
60kc/s, but it is not always possible to ensure such stability 
in measurements on the high-frequency transmissions. There, 
however, variation in pulse amplitude is only one of several 
factors contributing to the overall accuracy of comparison. 

(3.2) Operational Procedure 

Prior to a measurement, the voltmeter V (Fig. 7) is set by 
means of R to read 20 volts, and the gain control of the receiver 
is varied until the received pulse just triggers the multiar at this 
value of bias. The voltmeter reading is then reduced to 7 volts, 
corresponding to the point A. This setting has been found to 
present a suitable compromise between the effect of variations 
in amplitude and the possibility of triggering by noise pulses or 
interferin g transmissions. A certain number of spurious readings 
are still obtained at this bias, and should exceptionally noisy 
conditions prevail, the voltmeter may be set to a higher bias and 
correction made so that the readings will be comparable with 
those taken at the normal bias setting. 

The use of 10 c/s pulses to stop the counter allows readings 
to be taken every second since there is sufficient time to note the 
reading and reset the counter to zero between successive received 
seconds pulses. A practised observer is able quickly to form a 
visual estimate of the mean reading, disregarding obviously false 
results. It is possible, also, to establish a rhythm in the opera¬ 
tion, delaying the counter reset until just before the start pulse 
is received and thereby reducing the possibility of spurious 
readings. In determining the relative phases of pulses received 
from different sources, which may differ in phase by more than 
lOOmillisec, any ambiguity of reading may be resolved either by, 
listening to the pulses and estimating the time interval between 
them, or, more satisfactorily, by substituting Ic/s pulses for the 
10 c/s ones normally fed to the counter. 

(3.3) Results on 60kc/s 

In daily measurements of the Ic/s modulation on MSF 60kc/s 
by the method described above, a high accuracy of comparison 


is consistently obtained. The measurement is confined to the 
last minute of the 5 min modulation period, and the total scatter 
of the readings does not usually exceed 30 microsec. On days 
which are exceptionally free from interference, the limits of dis¬ 
crimination of the counter are reached, the readings alternating 
between two places in the last decade. Thus, the error of 
measurement may with certainty be put at less than ± 15 microsec 
in the great majority of comparisons. It is necessary to confine 
the readings to a period of about one minute, otherwise the rate 
of the standard supplying the 10 c/s pulses must be taken into 
account, the oscillator generally employed in pulse measurement 
having a rate relative to MSF of about lOmillisec/day or 
6microsec/mm. 

As a check on the internal accuracy of the comparison, two 
sets of readings are taken, 15 min apart. The relative rate of 
signal and standard per quarter-hour is 1/96 of the daily rate, 
and the difference between the two sets of I'eadings should 
therefore be about 1 % of the difference between readings on 
that day and the previous day. This is usually so to within 
10 %. 

(3.4) Results on the High-Frequency Transmissions 

The limitations of the pulse-measuring equipment described 
above in respect of fading signals may be largely overcome in 
practice by selecting the highest in a series of readings. Apart, 
however, from any deficiencies in the equipment, the stability of 
the pulse phase on 2 • 5 and 5 Mc/s cannot be expected to equal 
that obtained on 60kc/s. Ionospheric transmission introduces 
variation in both signal path and velocity, while the length of 
the pulse does not permit signals arriving by different paths to 
be separated. No systematic daily measurements have been 
made on the high-frequency transmissions, but the results so 
far obtained indicate that a useful stability of about 0 • 1 millisec 
may be realized. A higher precision of comparison is possible, 
but it is doubtful whether it can be translated into a corresponding 
accuracy of measurement. Photographic records of the pulses 
received on 5 Mc/s show that considerable distortion of the 
pulse waveform may occur, and that it is therefore advisable to 
monitor the pulse waveform when carrying out precise 
comparisons. 

(4) THE HIGH-FREQUENCY MSF TRANSMISSIONS 

(4.1) General 

Provision has been made for simultaneous MSF transmissions 
on three of the standard frequencies of 2- 5, 5,10,15 and 20 Mc/s. 
So far, only the first three frequencies have been used, and of 
these, only 2 • 5 and 5 Mc/s are received regularly in Teddington 
at the present phase of the sunspot cycle. The operation of 
the high-frequency monitor has therefore been confined to these 
frequencies although receivers are available for all five frequencies 
and also for 25 Mc/s. 

As mentioned earlier, the wide variations m the frequency and 
amplitude of the received high-frequency signals have necessitated 
a different method of recording from that adopted for 60kc/s and 
200kc/s; it may be applied equally well to all the standard 
frequencies. 

(4.2) Reception of the Standard Transmissions 

As an example of the general design of the high-frequency 
receivers, that for 5 Mc/s is shown at the bottom of Fig. 8. 
Beyond the first stage of frequency changing, all six receivers are 
identical. A double frequency-change is employed to reduce the 
received frequency to lOOkcJs. Following two stages of ampli¬ 
fication, the 5Mc/s signal is mixed with 6-6Mc/s to produce the 
first intermediate frequency of l’6Mc/s. This is amplified in 
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Fig. 8. Standard and local-oscillator frequency generators for high-frequency receivers with schematic of receiver for 5Mc/s. 

the second 

f frequency of lOOkc/s. A crystal filter can be 

+ ?nnnS*^! tevel from the normal value of about 

±2 000c/s to approximately ±100c/s. Full receiver output 
wltage IS obtained with a signal of rather less than luV. 

Delayed automatic gain-control is applied over the r.f. and ftrst 
i.f. stages. In addition to the crystal-filter switch, two gain 

— the 

the standard frequency signals, a form of 
V rtical rhombic aerial is used. It is mounted at a height of 
about 60 ft, roughly broadside to the direction of Rugby (45° W) 
and serves also for the reception of the transmissions of WWV 
from the same general direction (72° W). The aerial is situated 
m the open, some distance removed from sources of locally- 

generated noise and is connected to the receivers via an amplifii 
and underground cable. umpimer 

(4.3) Standard and Local-Oscillator Frequency Generators 

ont o/the7m W hlator frequencies are derived from 

one of the lOOkc/s oscillators m the frequency standard Their 

generation takes place in two units, one of which, the “standard 
frequency generator,” produces the local equivalents of the 
received frequencies in the range 2-5 to 25Mc/s; the other 
the local oscillator generator,” making use of some of these 

oscillator frequencies-from 
to Fig 8 The arrangement is shown to schematic form 

All the standard frequencies, it will be seen, are obtained bv a 
process of multiplication from lOOkc/s: in the loca"to? 


generator both multiplication and mixing are used to obtain the 
final output frequencies. As an illustration, the 15 Mc/s receiver 
requires two local-oscillator frequencies—16-6 and l'5Mc/s 
To produce the former the controlling lOOkc/s standard is 

5M "/ frequency is then mixed 

twee with 2-5Mc/s to yield 6-6Mc/s, whence, by successive 
2 -ng with 5 Mc/s, the desired first locd-oscillatm 
, 5^e/s is common to all receivers and is generated 

by multiplication by 3 and 5 from lOOkc/s. A crystal filter is 
used to remove any residual modulation at lOOkc/s before 
supplying the receivers from eight low-impedance outputs. 

The possibility of leakage from the standard frequency gene- 

^ FI apparent and is guarded against by 

angmg that the signal frequency is not required in the produc- 
in local-oscillator frequencies for any receiver except 

m the case of 2-5Mc/s, where the frequency of the first local 

frequencies. A switch is 
mco^orated m the standard frequency generator which allows 
s ages o ’ mu tiplication beyond that required for the receiver 
m use to be disconnected. 

(4.4) The Method of Frequency Recording 

The signals received on 60kc/s and 200kc/s display good 
amplitude stability and high phase constancy, and the variations 
mfr^uency from day to day are nearly always less than about 
1 part in 10 for MSF and 1 part in 108 for Droitwich. The 
received high-frequency transmissions, on the other hand, are 
generally subject to some measure of fading, sometimes very 
severe; the phase shows, frequently, rapid short-period variations, 

®undergoes changes of several parts 
•f ri-ai essential variability in the received signals makes 
It difficult to perform frequency measurement by the relatively 
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simple method used for the low-frequency transmissions, and it 
has been necessary to develop equipment better adapted to the 
characteristics of the received signals. 

In the h.f. recorder, beats are still formed between the output 
of the receiver and a standard source of lOOkc/s. They do not, 
however, take place around zero frequency, as in the lOOkc/s 
recorder, but in the region of 25 c/s. Furthermore, variations 
in the received frequency are not measured as variations in beat 
period but direct as frequency changes within the range 24-26c/s. 
These limits are the extremes of the scale of the power-frequency 
recorder which is used as the final indicator of frequency dif¬ 
ference between signal and standard. The calibration of the 
recorder is Icnown to 0-05c/s, and the received frequencies of 
2-5Mc/s and 5Mc/s can therefore be measured to an accuracy 
of 2 parts and 1 part in 10®, respectively. 

The general system of measurement is shown in outline in 
Fig. 9. In the receiver the higher-frequency stages remain as 



Fig. 9.—System of high-frequency recording. 


already described and alteration appears only at the second local 
oscillator. It is necessary that the output of the receiver shall 
differ from lOOkc/s by 25 c/s, and this is achieved by increasing 
the frequency of the local oscillator to 1 •5Mc/s + 25c/s. The 
increased frequency is still obtained by multiplication from the 
lOOkc/s standard by 3 and 5 as already described, but a con¬ 
tinuously-rotating phase shifter is introduced in the input to 
the multiplier. It rotates synchronously at If c/s, and in passing 
through^ it the frequency of the standard is increased from 
100 OOOc/s to 100 OOlf c/s. Thence, by multiplication, the final 
frequency of 1 500 025 c/s is obtained. By this device it is still 
possible to measure received frequencies direct in terms of that 
of one of the principal oscillators without recourse to specially 
off-set sources requiring frequent calibration. 

The deviations AS of the signal frequency are transferred to 
the output of the receiver at a frequency of 99 975 c/s, and after 
mixing with standard lOOkc/s, they appear as variations about 
the centre frequency of the recorder. 

(4.5) The Phase Shifter 

The success of the method of measurement hinges on the 
satisfactory performance of the phase shifter. This instrument is 
required to advance the phase of the lOOkc/s input in as uniform 
a manner as possible at the rate of IOtt/S rad/sec. It is important 
that departures from a linear relation between phase angle and 
angular rotation be kept small, for the effect of any phase modula¬ 
tion is increased by a factor of 15 in the subsequent multiplication. 


By way of example, a sinusoidal variation from a linear charac¬ 
teristic of amplitude 0-6° and frequency Ifc/s will appear as 
equivalent frequency modulation of ±0-250/8 at l-5M/cs. 
Such a variation would embrace a total of 10 divisions of the 
chart of the frequency recorder. 

The phase shifter used is of the electromagnetic type^ in which 
a moving coil revolves in the crossed fields produced by two fixed 
coils displaced 90° in space phase and supplied with currents 
differing by 90° in time phase. All three coils are wound in slots 
in polystyrene formers with dust cores, the distribution of the 
turns in each phase of the stator winding being such as to produce 
a uniform field at the rotor. A circular field rotating at 
100 OOOr.p.s. is set up by the combined action of the field coils. 
When the rotor is stationary the e.m.f. induced in it has the 
same frequency as the supply: on rotating it against the direction 
of rotation of the field a higher frequency is obtained; con¬ 
versely, a rotation in the same direction as the field produces a 
lower rotor frequency. In practice, owing to inevitable inac¬ 
curacies in construction, to small departures from equality in 
the magnitude of the field currents, and to small defects from 
90° in their relative phase angle, the rotating field has an elliptical 
form and the output of the phase shifter is modulated in both 
amplitude and phase. The latter produces frequency modulation 
directly, while the former induces secondary frequency-modula¬ 
tion by varying the phase of the signal at the grid of the first 
multiplier. The magnitude of both forms of modulation is kept 
small by the method adopted for the control of the currents 
supplied to the field coils of the phase shifter. The circuit is 
shown in Fig. 10. 

CATHODE CATHODE 

FOLLOWER INTEGRATOR FOLLOWER 



Fig. 10.—^Phase-splitting circuit for lOOkc/s phase shifter. 

The design follows that of a similar phase shifting network for 
afrequency of 80kc/s5. One phase of the stator is supplied by 
a cathode-follower direct from the lOOkc/s source. The neces¬ 
sary difference in phase of 90° is introduced in the current 
supplied to the other phase by means of a form of Miller 
integrator in which the circuit constants are so adjusted that, for 
a frequency of lOOkc/s, the output voltage is equal to the input 
and leads it by 90°. To produce this result the following relations 
must hold simultaneously: 
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and 


R = R 


Sm^L ^ 
‘Sm^L + 1 


( 2 ) 


where is the mutual conductance of the valve, ca 
= 271-105 rad/sec and R, R^ and C are as indicated in the 
Figure. If the first equation is satisfied to within 2%, the 
error in phase angle between output and input will not exceed 
a few minutes of arc. Equality of input and output voltages is 
obtained by adjustment of R, and, in practice, this is set to realize 
minimum frequency-modulation of the trace on the recorder. 
The residual modulation amounts to about +■ 2 ' division at a 
repetition frequency of Ifc/s. 

The synchronous drive to the phase shifter is provided by a 
phonic motor supplied with standard Ikc/s. A worm gear 
reduces the speed of the motor from 1 OOOr.p.m. to lOOr.p.m. 
at the shaft of the phase shifter. The gear ratio is not precisely 
10 to 1 but about 2% less, so that an increment of 0-5c/s is 
added to the local oscillator frequency. This compensates for 
the fact that the standard oscillator is about 15 parts in IQS below 
nominal and ensures that received signals are more symmetrically 
disposed about the mid-scale frequency of the recorder. 

(4.6) The Frequency Recorder 

The frequency recorder used is of the Shotter pattern.^ In its 
principle of operation it resembles a differential induction watt- 
rneter. What may be termed the current coils are tuned to 
different frequencies, one above and the other below the recorder 
frequency range. At some intermediate frequency the torques 
which the coils exert on the moving system in conjunction with 
the voltage coil, which is untuned, are arranged to balance. This 
frequency is the centre frequency of the recorder, and for a short 
range on either side, ± 1 c/s in the present instrument, a linear 
frequency scale is obtained by a suitable choice of the geometry 
of the moving system. The nominal supply voltage is 110 volts, 
and the burden of the recorder is lOVA at 0-5 power factor! 
The necessary power is supplied by an audio amplifier. 

One valuable feature of the recorder which commended it for 
use as the final indicator is that the indication is substantially 
independent of voltage for a variation of ±10%, while for 
changes of ±20% the error is ±-^ division. There is thus no 
need to limit the output voltage of the receiver beyond the 
regulation provided by the operation of the automatic gain- 


control. The large reductions m signal amplitude which occur 
during fading do not produce appreciable error as the power 
input to the recorder falls below the level required to drive the 
movement. The pen therefore remains stationary at the last 
recorded value, resuming its indication when the signal strength 
is restored. 

The inherent damping of the movement is increased by an 
adjustable oil dashpot. A suitable value of time-constant for 
general recording is found to be 5 sec. This permits the indica¬ 
tion of even large, abrupt frequency changes to be substantially 
complete in the shortest time that can be readily distinguished 
ori the record. The chart speed is Sin/h, and the Emit of dis¬ 
crimination is about 30 sec. The additional damping also 
reduces the extent of the residual frequency modulation of the 
trace to about half a division, i.e. 1 part in 108 at 2-5Mc/s or 
5 parts in 10^ at 5Mc/s. These figures represent the useful 
discrimination of the recorder. 

One point in the calibration of the scale is checked periodically. 
For this purpose the receiver in use is supplied with the signal 
frequency obtained from the standard frequency generator. The 
ditference between local and “received” frequencies would be zero 
but for the addition of O-Sc/s to the local oscillator frequency in 
the reduction gear. The calibration therefore appears at ±0 • 5c/s 
relative to the recorder centre frequency. One of these calibration 
lines extending over about 20 min will be seen in Fig. 12. 

(4.7) Records at 2-5 and 5Mc/s 

In Figs. 11 and 12 an attempt has been made to convey the 
essential features of the frequency records for one day on 2*5 
and 5Mc/s, respectively. It has not been possible to reproduce 
the short-period fluctuations in received frequency, but the 
“ripples” in sonie parts of the records are intended to indicate 
the magmtude, if not the true periodicity, of these variations. 
It is to be noted, also, that the MSF transmissions are interrupted 
between 15 and 20 min past each hour. The movement of the 
recorder is entirely under the control of the signal, and in its 
absence the pen will normally trace a straight line from the last 
recorded ^ frequency. At times, however, interfering stations 
may continue to supply a signal sufficient to deflect the movement 
and an apparent frequency will be indicated until MSF is 
restored. 

In Fig. 11 the marked division into day- and night-time con- 
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Fig. II. Received frequency variations on 2-5Mc/s for three 8-hourly periods on 23rd August, 1953, 

A deflection of the trace upwards corresponds to an increase in received frequency. 
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ditions will be apparent. The received frequency is most stable 
in the period between 0800 and 1430 U.T., when the variations 
amount to about 3 or 4 parts in 10®, although there are sections 
of the record in which the trace is, for a short time, sensibly a 
straight line, indicating that the stability of the received frequency 
is better than 5 parts in 10^. The pronounced increase in fre¬ 
quency of some 4 or 5 parts in lO"^, reacliing the upper limit of 
the chart in the sunrise period, is the result of the transfer of 
reflection from the F- to the E-layer. After sunset, large negative 
frequency changes are indicated, twice extending to the lower 
limit of the record. The reversion to the normal day-time 
stability for a period of about 40 min just after 2200 hours is due 
to the sudden onset of a strong sporadic-E reflection, when the 
intensity of ionization in the E-layer is raised locally and tem¬ 
porarily above the usual value for the time and season. 

The interpretation of the record for 5Mc/s in Fig. 12 is com- 


Development Laboratory, which also supplied the three Essen- 
ring crystals that form the basis of the frequency standard. The 
British Electricity Authority rendered valuable assistance in the 
early stages of the development of the high-frequency monitor 
by the loan of a frequency recorder. All the high-frequency 
records reproduced in the paper have been obtained with a 
frequency recorder kindly lent by Messrs. Elliott Brothers 
Research Laboratories, to whom grateful thanks are extended. 

The Metrology Division of the N.P.L. designed and con¬ 
structed the worm-gear drive to the phase shifter. Of the author’s 
colleagues in the Electricity Division, Mr. E. G. Hope was 
responsible for the design of the high-frequency generators and 
all the fixed-frequency receivers, Mr. D. S. Sutcliffe has con¬ 
structed and maintained much of the other equipment, and Miss 
R. C. Beeby has taken most of the manual measurements. The 
development of the monitor proceeded under the general direction 
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Fig. 12.—Received frequency variations on 5Mc/s for three 8-hourly periods on 14th July, 1953. 

A deflection of the trace upwards corresponds to an increase in received frequency. 


plicated by the reception in the early-morning hours of station 
WWV of the National Bureau of Standards. WWV 5Mc/s is 
strongly received, as is shown by the absence of the MSF 5 min 
silent periods; the received frequency is high by about 1 part 
in 10”^ at sunrise following the progressive establishment of 
lower levels of signal reflection. During daylight hours the 
fluctuating record of MSF 5Mc/s corresponds to the known 
disturbed nature of the F-layer. The recorded changes in 
received frequency occupy a range of about 1 part in 10^, and 
the longer fluctuations have a quasi-period of between 10 and 
30min. As with 2-5Mc/s, strong sporadic-E reflections display 
good frequency stability. A striking example occurs between 
1300 and 1500 hours, when the received frequency varies by only 
1 or 2 parts in 10®. 

A third source of standard frequencies in Europe on 5Mc/s 
are the transmissions of station IBF, Turin, between 0800 to 
1100 and 1300 to 1600U.T. on each Tuesday. The frequency of 
this station is shown recorded m Fig. 12 during the six MSF silent 
periods which fall within its transmitting times. 
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SUMMARY 

The MSF standard frequency transmissions take place on 60kc/s, 
and on 2*5, 5, and lOMc/s and include modulation frequencies of 
Ikc/s and Ic/s. The transmissions are controlled by one of three 
highly stable oscillator-clock chains, which are checked daily in terms 


of a frequency standard, and are continuously inmrcom^^^^^^ o,om, to keep its frequency close to nominal, or by 

order that instability may be quickly detected. Automatic shut-down comparatively large adjustments which are made only when 


order that mstability may be quickly detected. Automatic shut-down 
features are incorporated to reduce the risk of broadcasting incorrect 
frequencies under fault conditions. The vital parts of the equipment 
are protected against mains failure. 

The transmitted frequencies are normally kept within 1 part in 108 
of the currently-assessed nominal frequency, based on predicted clock 
performance, so as to keep within a tolerance of +2 parts m los in 
terms of finally-corrected time determinations. Day-to-day frequency 
variations are usually less than ±2 parts in 10^, 


within 1 part in 10^ of the currently estimated nominal value in 
order to be reasonably sure of their being within 2 parts in 10® 
after final corrections have been applied. The frequencies may 
be kept in tolerance by frequent small adjustments of the con¬ 
trolling oscillator, to keep its frequency close to nominal, or bv 


(1) INTRODUCTION 

The importance of standard frequency transmissions as a way 
of making an accurate standard of frequency widely available 

was recognized by the International Telecommunications Con- —ouv-n v.uc(.,js.iug luciimes, so it is important 
ference at Atlantic City in 1947. Frequencies of 2*5, 5, 10, 15 transmissions be consistently accurate. Precautions 

20 and 25Mc/s were allocated for standard frequency services’ broadcasting of false information, 

C.C.LR. was asked to study the problem of providing i^^^curate frequencies, under fault conditions; it is necessary 


^ ^ ^ --- wAXfcj- rVAAVXl 

action can no longer be postponed because the working tolerance 
has been reached. If the controlling oscillator has a good day-to- 
day stability and a low rate of drift, the latter method of adjust¬ 
ment has the advantage that users interested in the highest 
precision can readily distinguish between adjustments and drift. 
It was decided to adopt this method of working for the MSF 
transmissions. 

There are many things in a frequency-standard oscillator that 
can go wrong and affect its accuracy. In an extensive laboratory 
installation the consequences of an oscillator fault are not likely 
to be serious; other oscillators will be available for checking 
purposes so that a user is unlikely to be led astray in his measure¬ 
ments. Many users of standard frequency transmissions will, 
however, have no such checking facilities, so it is important 


effective world-wide coverage. Early work, which provided a 
basis for the Atlantic City decision, and subsequent discussions 
regarding United Kingdom participation are reviewed in an 
associated paper;i suffice it to say here that the D.S.I.R. asked 
the Post Office to transmit standard frequencies from Rugby 
Radio Station. A part-time service was started in February, 1950, 
and operation for 24 hours per day commenced in May 1953 
on the carrier frequencies 2-5, 5 and lOMc/s. Transmissions 


to suppleniejit periodical assessments, in terms of primary 
frequency standards, with substantially continuous comparisons 
between the frequencies of the controlling oscillator and other 
higlily stable oscillators. Provided that suitable precautions are 
taken—e.g. to avoid coupling between them—stable performance 
of one oscillator relative to another suggests that both are 
behaving well. The addition of a third oscillator strengthens the 
argurnent and allows the identification of one faulty member in 


— —j cuiu iumc/s. 1 ransmissions me iuciiuncauon or oi 

are also made on 60kc/s for one hour per day, from 1429 to scheme was adopted for MSF. 

1530 hours G.M.T. The call sign MSF is used. The C.C.LR. has recommended that standard frequency 

The conditions at a busy radio station differ greatly from the transmissions include audio-frequency tone modulation and time 


quiet laboratory atmosphere that is usually considered appro¬ 
priate for a frequency standards instahation, and this fact 
coupled with the paramount need to be sure at all times of the 
accuracy of the transmitted frequencies, gave rise to new require¬ 
ments, particularly as regards automatic monitoring and fault 
detection. The present paper describes the installation designed 

Tr^ O'ClT-tCi+Tr _•__ < t ^ ® 
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signals, the latter to be in the form of Smillisec impulses con¬ 
sisting of a whole number of cycles of audio-frequency modulation 
and repeated at 1-sec intervals, with the 59th impulse in each 
mmute suppressed. The recommendations leave the choice of 
the audio modulation frequency, the form of the modulation 
cycle and other details to the operating administrations. Dis- 


Hme msiaiiation designed •' me operaimg aamimstrations Dis- 

to satisfy these requirements and outlines the methods used to passions among the interested parties in the United Kingdom 
calibrate and control the equipment in terms of primary standards radicated that the most useful modulation frequency was 1 kc/s 
Oi frcQucncy, IVToduls-tion hv tlTp. « __x*_ 


of frequency. 

(2) PRELIMINARY CONSIDERATIONS 
Accuracy and reliability are perhaps the most important 
requu-ements of a broadcast standard frequency service, L the 
C C.I.R. has recommended^ that, at the transmitter, the fre¬ 
quencies should be accurate to within 2 parts in lO® of nnminni + 

The day-by-day calibrations of the transiffissiLs have to be rZde f ® raade between 15 and 20min after the 

m terms of the unit of time currently available and appreciable LrT’ ra accordance with a C.C.LR. recommendation that 

rrs ~ = "f-Tr 

. t IS des,rab.e. therefore, for the transmitted fre quencies to be held diffZ,7om 

Mr. Law is at the Post offir R . „ . ~ service, and this helps in its identification. 

Post o,ffice Research Station. The requirements as to accuracy and modulation just out- 

r 1661 


Modulation by the different signals on a consecutive rather than 
a concurrent basis was preferred because it allowed a higher 
percentage modidation by the individual signals. It was also 
decided that periodical intervals of plain carrier were desirable 
to facilitate the use of the carrier frequency in simple receiving 
equipment. Details of the 15-min modulation cycle eventually 
adopted are given in Table 1. 

No transmissions are made between 15 and 20 min after the 
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Table 1 

MSF Modulation Cycle 


Time 

Modulation 

Minutes past the hour 

0- 5 30-35 45-50 

5-10 20-25 35-40 50-55 

10-14 25-29 40-44 55-59 

14-15 29-30 4A45 59-60 

1 kc/s modulation 

Time signals 

No modulation 

Morse and speech an¬ 
nouncement 


lined specify the external performance of the equipment; a 
further point that required consideration before the installation 
could be planned in detail arose from its location at a main 
transmitting station. Equipment that is to be used at a main 
transmitting station must be suitable for operation and main¬ 
tenance by normal transmitting-station methods. It must be 
able to run unattended for most of the time, and it must quickly 
draw attention to itself when a fault occurs; it must include a 
fair proportion of reserve equipment so that faults can be by¬ 
passed and service restored without waiting for detailed fault 
clearance. Finally the equipment must of course be able to 
withstand the high ambient fields, the supply-voltage fluctuations 
and the machinery vibration that are experienced at large 
transmitting stations. 

(3) GENERAL DESCRIPTION OF THE INSTALLATION 

The main components of the installation are shown schematically 
in Fig. 1. The equipment divides naturally into three parts: 
(a) the frequency standard, (b) transmitter-drive and announcing 
equipment, and (c) the transmitters. The frequency standard 


comprises three chains, each formed by an oscillator, a divider 
and a synchronous clock, and the associated intercomparison 
equipment that is used to keep a check on stability. Each clock 
chain produces outputs at lOOkc/s and lOkc/s, for carrier 
frequency control, and at Ikc/s or Ic/s, assembled in the tirne 
sequence given in the previous Section, for modulation; in 
addition, control signals are produced at the appropriate times 
for the starting of the announcing equipment and for the 5-min 
break in transmission once per hour. 

Any of the three clock chains, which are designated “red,” 
“white” and “blue,” can be selected for the control of the 
transmitter drive and announcing equipment, which includes 
100kc/s-2-5Mc/s-5Mc/s and 10kc/s-60kc/s frequency multi¬ 
pliers for the control of the carriers of the short-wave and long¬ 
wave transmitters respectively. The armouncing equipment 
automatically produces a Morse and speech announcement when 
triggered by the “start announcing” signal from the oscillator- 
clock chain. The announcements and the 1 kc/s and 1 c/s signals 
are amplified and then used to modulate the transmitters. The 
short-wave transmitters incorporate their own modulators, but 
the long-wave transmitter acts as a linear amplifier and is fed 
with modulated carrier from a modulator in the 10kc/s-60kc/s 
multiplier. All the transmitter drive equipment and the an¬ 
nouncing equipment is duplicated. 

The h.t. supply to the transmitter-drive equipment is removed 
between 15 and 20 min after each hour by the “break trans¬ 
mission” signal from the clock chain, so removing the drive 
from the transmitters. The transmissions are also interrupted 
by a signal from the alarm system whenever a fault condition 
implicating the controlling clock chain is detected. 

The transmitters are located in the transmitter hall of the 
Long-Wave Building at Rugby, the low-power equipment being 


FREQUENCY STANDARD 

announcing equipment 


TBANSMITTERS 



Fig. 1.—MSF Rugby: standard frequency transmission equipment. 
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housed in a screened enclosure (see Fig. 2). The frequency- 
standard oscillators are additionally protected by a screened 
cubicle which is thermally insulated and roughly temperature- 
controlled; the oscillators are mounted on a massive spring- 
supported plinth to safeguard them from vibration. The en¬ 
closure and cubicle were in existence before MSF was planned 
and they also house some other equipment. Batteries and 
rnachines that are used to ensure continuity of operation of the 
vital parts of the frequency standard during mains failures are 
housed in other parts of the building. 

(4) EQUIPMENT DETAILS 
(4.1) Frequency Staindard: Clock Chain 

Details of the clock chain, made up of an oscillator, a divider 
and a synchronous clock, are given in Fig. 3. The output of the 
lOOkc/s oscillator is split into four parts, three of which are used 
externally for carrier-frequency control and monitoring. The 
fourth output controls a frequency divider givmg outputs at 
lOkc/s (used externally) and Ikc^, the latter output being 
applied to a continuously-variable phase-shifter, which also 
gives four outputs. One of these is amplified and then used to 
drive the motor of a phonic clock containing a number of 
mechanically-operated contacts which control the modulation 


cycle. Another of the phase-shifter outputs controls a frequency 
divider to give a lOOc/s signal which is then used in a modulator 
to gate a third output from the phase-shifter in such a way that 
the Ikc/s tone is passed and suppressed in alternate Smillisec 
intervals. Contacts in the clock select one of the 100 tone pulses 
occurring each second and suppress the 59th in each minute, so 
producing time signals of the type recommended by the C.C.I.R. 
Further clock contacts control the application of these signals to 
the transmitters according to the MSF programme. The time 
signals are also extracted continuously for monitoring purposes, 
and a once-per-minute output is used as well; the frequency- 
standard monitoring arrangements are described in the next 
Section. 

The lOOkc/s frequency-standard oscillator is of the bridge- 
stabilized crystal-controlled type with resistance-bridge tem¬ 
perature control for the crystal. It is similar to the Group III 
type used in the Post Office frequency standard the crystal 
oven, which is of a simple form,^ divides ambient temperature 
variations by a factor of about 1 000. Improvements incor¬ 
porated in the current design include tempej’atiire compensation 
of the tuned circuits of the oscillation-maintaining amplifier 
and reduced voltage across the crystal. Also the gas-filled 
triode in the temperature control unit has been duplicated 
to reduce the risk of loss of temperature control; the earlier 



Fig. 3.—MSF Rugby: frequency standard—schematic of clock chain. 

The figures associated with the mechanically-operated contacts in the nhrmir ('innt j r 

the contact makes (M) and breaks ^ operation and the instants during the cycle at which 
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siiigle-valve arrangement was liable to sudden and unpre¬ 
dictable failures, with disastrous effects on the frequency stability. 
With the new arrangement pilot lamps, which indicate the degree 
of load sharing between the two valves, give warning of the 
deterioration of one of them; no harm is done if one of them fails 
completely. If they both fail, or if temperature control ceases 
for any other reason, an associated unit automatically gives the 
alarm; it operates by detecting the presence of the temperature- 
control cycle, which normally has a period of about 5 sec, and 
the alarm is given if cycling ceases or if the period becomes 
unduly long. Two of the three oscillators utilize Essen ring 
crystals with notably high Q-factors and low rates of frequency 
drift; advantage is taken of the parabolic frequency/temperature 
relationship of these crystals by arranging the working tem¬ 
perature to be very close to the point where the characteristic 
has zero slope. Laboratory tests on the completed oscillators 
showed frequency variations of less than 1 part in 10^ for supply- 
voltage changes of 10% or ambient-temperature changes of 10‘^C; 
each condition was maintained for a few hours so that thermal 
equilibrium was substantially attained. The third oscillator 
employs a GT-cut crystal and is not so stable; it is quite adequate 
for oscillator intercomparison purposes and could be used to 
control the transmissions if necessary. Information about the 
performance of the oscillators in service is given later. 

The frequency dividers use a simple form of multivibrator 
circuit that has given very satisfactory service in frequency- 
standard installations for some eight years. A typical circuit is 
given in Fig. 4. Successive stages are substantially identical apart 


as supplies and the controlling drive are maintained. The small 
demands made on the valves no doubt contribute to the good 
long-period performance; the peak anode currents are about 
2mA. The dividers are very tolerant of supply-voltage changes; 
h.t.-voltage variations as large as ±40% merely change the 
range of input frequency for correct locking by a few per cent 
and alter the timing of the output waveform by a fraction of a 
microsecond. Sudden anode-supply-voltage changes are pre¬ 
vented from reaching the multivibrators by the use of a long- 
tune-constant decoupling circuit feeding the common anode 
supply line of the multivibrators. 

The phonic clock, which was designed and manufactured by a 
contractor, incorporates a commutator turning at Ir.p.s., for 
defining the seconds impulses, and a number of cam-operated 
contacts controlled by shafts with revolution periods of Imin, 
15 min and Ihour, The an-angement is not as simple as Fig. 3 
suggests. Where considerable precision of timing is desired in 
the opening or closing of a circuit, a single contact controlled by 
a slow-moving shaft is not adequate and it is necessary to supple¬ 
ment the slow-moving contacts with others controlled by faster 
shafts, which accurately define the instants of openmg or closing. 
The 1 kc/s tone and 1 c/s impulse circuits are treated in this way, 
eleven contacts being employed, not including the commutator. 
The Imin and 15min shafts carry dials. 

The remaining units call for little description. The Ikc/s 
phase-shifter is of the magnetic goniometer type. It is calibrated 
in fractions of a millisecond and the spindle is geared to a revolu¬ 
tion counter. By observing the dial and counter readings while 


lOkc/s OUTPUT Ike/s. OUTPUT 



from the values of the anode^grid cross-connecting capacitors, 
which are chosen to suit the desired natural frequency of oscilla¬ 
tion (usually about 60% of the frequency when locked), and the 
disposition of the interstage locking capacitors, which depends 
on whether the controlled stage is required to divide by an even 
or an odd number. The amount of frequency division per stage 
is modest, division by five being the limit in the MSF equipment. 
After a divider has been run for two weeks and settled down, 
the locking capacitors are adjusted for optimum locking, giving 
correct division over an input frequency range upwards of ±20% 
relative to the nominal frequency; thereafter it will usually run 
for several years without attention, and without a slip so long 


turning the phase-shifter, one may advance or retard the timing 
of the clock by any desired amount. The gate, which chops the 
Ikc/s tone into a succession of 5millisec impulses, is a double- 
balanced modulator using a pair of germanium crystal diodes; 
it is controlled by a square wave from the lOOc/s multivibrator 
in the Ikc/s-lOOc/s frequency divider, and the phasing is so 
arranged that the gate opens just as the instantaneous value of 
the applied 1 kc/s tone is passing through zero. 

The frequency-division and phase-shifting equipment of the 
three clock chains is housed in the three central cabinets of the 
suite shown in Fig. 5, with the phonic clocks mounted on the top 
of the cabinets. The sets of equipment are so segregated. 
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Fig. 5.—MSF Rugby: clock chains, monitoring cabinets and recorder. 


physically and electrically, that maintenance work can be under¬ 
taken on one without risk of disturbing the others. 

(4.2) Frequency Standard: Monitoring Equipment 
The frequencies of the three oscillators are periodically com¬ 
pared in a recording frequency comparator, which is shown 
schematically in Fig. 6. Signals ftom the pair of oscillators being 
compared are frequency-multiplied to 5 Mc/s and are then mixed 


uniselector being used to count them. This uniselector controls 
the selection of the oscillator pairs and is itself controlled by the 
recording meter to keep the beat-counting process in step with 
the meter operation; this is necessary because the recorder keeps 
“mains” time, whereas the beat-counting equipment would keep 
MSF time if left to itself. 

The recording meter is capable of recording a reading every 
10 sec, and when it is not actually recording a frequency difference, 
i.e. for most of the time, it is utilized for recording various supply 
voltages and the temperature of the oscillator cubicle. The 
recorder chart speed is low, 2 • 5 mm per hour, and the record for 
about six days is visible through the window of the instrument. 
Any irregularity in the day-to-day operation of the equipment is 
thus readily observed. The meter can be seen on the right 
of Fig. 5. 

The schematic of a Ic/s phase comparator is given, with 
illustrative waveforms, in Fig. 7. The 1 c/s impulses from two 
of the clocks are amplified and applied to a pair of flip-flop 
circuits. Each of these is adjusted to fire at the start of the 
applied impulse, to remain operated for 2-5millisec and then 
to restore; a 2 - Smillisec positive pulse is produced in the process. 
The pulses from the two flip-flops are superposed and applied to 
the grid circuit of a coincidence valve, producing an anode pulse 
the duration of which depends on the degree of asynchronism 
of the incoming clock impulses; exact synchronism produces a 
2-Smillisec coincidence pulse. The coincidence pulse is inte- 
^ated giving a voltage proportional to the overlap of the clock 
impulses. The process is repeated for every pair of impulses 


lOOkc/s 

INPUTS 


CLOCK 
MINUTE 
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Fig. 6.—^Frequency comparator. 


in a ring modulator, the output of which is applied to the coils 
of a polarized relay. The relay armature oscillates at the beat 
frequency, which would be 0-1 c/s for an oscillator frequency 
difference of 2 parts in 10^. The following circuits are so arranged 
that each transit of the polarized-relay armature, i.e. each com¬ 
pleted half-beat, produces a pulse causing a 50-way uniselector 
to step. The half-beats are thus counted by the uniselector and 
this process is allowed to continue for an exact 4min period. 
Two of the banks of the uniselector are used, with an auxiliary 
relay, to form a 100-step potentiometer, and this delivers a direct 
current proportional to the completed count to a six-colour 
recordmg meter. The maximum reading of the system, 99 half¬ 
beats m 240sec, is equivalent to an oscillator frequency difference 
of just over 4 parts in lO^; normally the oscillator frequencies 
should all be within 2 parts in lO® of each other, and one bank 
ot the uniselector is used to operate an alarm if this difference is 
exceeded. The three osciflator pairs, red-white, white-blue and 
blue-red, are treated in turn, the complete cycle of measurements 
occupymg some 15min. The 4min time intervals are defined 
by mmute impulses from one of the phonic clocks, a second 


from the two clocks; the integrator voltage is allowed to leak 
away between impulses, the readings being stored in a long-time- 
constant peak voltmeter calibrated in milliseconds. If the two 
inputs fall out of step beyond a predetermined limit, normally 
Imillisec, an alarm circuit associated with the peak voltmeter 
comes into action. Thus any appreciable departure from syn¬ 
chronism of the two clocks, whether due to incorrect setting of 
the phase-shifters or divider slip, or anything else, automatically 
gives rise to an alarm. Three Ic/s phase comparators are pro¬ 
vided, one each for red-white, white-blue and blue-red com¬ 
parisons; they are housed in the cabinet at the near end of the 
suite shown in Fig. 5. 

If one oscillator, red say, becomes unstable and drifts away 
from the nominal frequency, both the red-white and the blue-red 
excessive-frequency-difference alarms will eventually come into 
action; this state of affairs permits the automatic identification 
of the red_ oscillator as the faulty member of the trio. Similar 
considerations apply to the loss-of-synchronism alarms. If in 
these circumstances the red clock chain happens to be the one 
controlling the transmitters, the transmissions are automatically 
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Fig. 7.—1 c/s phase comparator. 


interrupted. The operation of the temperature-control-failure 
alarm associated with the controlling oscillator similarly interrupts 
transmissions. 

The lOOkc/s beat counters may be regarded as integrating 
rotary phasemeters. lOOkc/s signals from two oscillators are 
so mixed as to produce a 3-phase beat-frequency supply, and this 
is applied to the stator winding of a small motor to give a mag¬ 
netic field that rotates through one revolution for each beat cycle. 
The permanently-magnetized rotor tracks the stator field and 
drives a counter gear train of a type commonly used in electricity 
meters. There are three of these beat counters, red-white, 
white-blue and blue-red; they are housed in the far-end cabinet 
of Fig. 5. Their readings are used in the daily calibration of the 
equipment, to be discussed in Section 5. 

(4.3) Frequency Standard: Protected Power Supplies 

Continuity of operation, especially of temperature control, is 
essential for the best performance of frequency-standard oscil¬ 
lators; it may take weeks for equipment to recover fully from an 
interruption lasting only an hour. The MSF equipment there¬ 
fore incorporates a protected power supply. In addition to the 
oscillators, the frequency dividers and the clocks benefit from 
this supply, as do the beat counters, to preserve the continuity of 
long-period calibration data and to avoid the need for resetting 
the clock timing. The Ic/s phase comparators also receive 
protected power supplies. 

The protected h.t. supply is derived from a 240volt 50 Ah 
battery that operates on a float-charge basis; the immediate 
effect of a mains failure is merely a slight fall in voltage, which 
is of no consequence. The protected a.c. supply for valve 
heaters and crystal ovens is normally taken direct from the 
mains, but it is automatically transferred to a motor-alternator, 
which draws its energy from the battery, if the mains voltage 
varies more than ±10% relative to nominal. An alarm is given; 
resetting is a manual process. The motor-alternator runs con¬ 
tinuously so that the interruption to the a.c. supply on change¬ 


over, determined by the operating times of the control gear and 
contactors, lasts less than a second. The thermal inertia of the 
valve cathodes and crystal ovens renders the disturbance insig¬ 
nificant. Duplicate batteries and motor-alternators are provided, 
the battery change-over switch being of the make-before-break 
type. 

(4.4) Announcing Equipment 

The announcing equipment was designed and made by a con¬ 
tractor. The Morse and speech announcement, of about Imin 
duration, is derived from a magnetic-tape record in the form of 
a continuous 50ft loop, the bulk of which is housed, as a loosely 
wound helix, in a cassette. In between announcements the 
equipment rests with its valves “hot”; on receipt of a “start 
announcing” signal the tape-deck motor is switched on and the 
tape is drawn past the reproducing head. The process continues 
until the complete loop has been drawn through, when the motor 
is automatically stopped by a pair of contacts detecting a short 
length of tape marked with conducting paint. 

Recording facilities are provided so that new tapes can be 
prepared on the spot with a minimum of delay. 

(4.5) Transmitter Drive Equipment 

The circuits of the transmitter drive equipment are conventional 
and call for little comment. The frequency multipliers are of the 
class-C type, the maximum multiplication per stage being 5 
times; the h.t. supply to the 10-60kc/s frequency-multiplying 
stages is stabilized in the interests of phase stability. Measuring 
equipment for the checking of the carrier and audio feeds to the 
transmitters is provided, and there is a loudspeaker for monitoring 
the outgoing audio signals. The h.t. power supplies to the 
transmitter drive panels are automatically interrupted at 15- 
20 min past each hour, under the control of clock signals, and 
whenever necessary under fault conditions, so causing the 
transmissions to cease. 
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(4.6) Transmitters 

The short-wave transmitters are of a standard commercial 
double-sideband type. Each transmitter is pretuned for opera¬ 
tion on 2‘5, 5, 10, 15 and 20Mc/s and has a carrier power of 
about 500 watts; at present the four transmitters are used in 
rotation to provide a 24-hour service on three frequencies, 2-5, 

5 and lOMc/s, one transmitter always being available for main¬ 
tenance. A bottom-fed mast radiator is used on 2-5Mc/s, and 
the aerials for the other frequencies are quadrant dipoles. 

The long-wave transatlantic telephone transmitter, which is 
not often needed for traffic in the afternoon, is used for the 
60kc/s service; a carrier power of about lOkW is delivered to the 
800 ft aerial. 


O 

m 03 

a O ' 


Q - 
U 

< 

5 5 



















* 

• • • 





"(5 

• • 

... 


> 

A fl 

WHITE 



. 













. 


• 

— »—1 


• • 


«• 

• 

•'•i 

- • 

* • 

• 

.LT) 



(5) OPERATION AND PERFORMANCE 
The carrier frequency of the 60kc/s transmission, which is com¬ 
paratively little affected by Doppler variations due to changing 
ionospheric conditions,^ is measured daily, except on Saturdays 

of the frequency standard at the Post 
Office Research Station. DoUis HiU. The measurements are 
extended over a period of several minutes to give a comparison 
accura(^ better than 1 part in 10^. Measurements are also made 
by the Royal Observatory and the National Physical Laboratory. 
^ assessment of the absolute frequency of the oscillator con- 
ffollmg the transmissions is thus obtained. The mean frequency 
differences between this oscillator and the other oscillators at 
Rugby over the previous 24 hours is calculated from the beat- 
counter readings, and so the absolute assessment is extended to 

f\ assessments the 

Physical Laboratory in consultation with the Post 

to^epn whether any frequency adjustments are necessary 
^ withm 1 part in lO^ of nominal frequency. 

indicated, it is the policy to adjust the 
controlling oscillator as infrequently as possible; for this reason 
the workmg tolerance is slightly elastic in practice. 

The tomg of the 1 c/s pulse signals is also measured regularly. 
As these signals are intended primaiily for frequency calibration 
quite large time eriors are aUowed; when necessary, corrections 

and a 

^tement about the correction is mcluded in the announcement. 

I?cuSv m \ ^ same 

accuracy, at the transmitter, as the carrier and audio frequencies 

toL d^cks win ^ reserve clocks are adjusted daily so that all 
three clocks will remam withm ±lmillisec of each other during 

e ensuing 24 hours. Thus, if the controlling clock should fail 

ve^v'SXd-^f ^ "®serve clock, with 

ve^ slight disturbance to the timing of the Ic/s signals. 

the currfJtT^ results, over a typical two-month period, of 
unner assessing process just described. The 

upper three curves are assessments of the three oscillators 

con™! onhfw'* ‘>’e transmissions were under the 

contiol of the blue oscillator, which had last been adjusted over 
a year previously (6th May, 1953); its curve giv^Tgood SS 

measuremwK carrier-frequency 

easuremente. The lowest curve shows the dailv 24-hour mean 

frequency differences, calculated from the beat counter readings' 

being 

o ' ^ ^rystals. The performance of the white oscillator 

TheratSaDiddrm*°nf'’ ^^equate for a second reserve. 
distatoL^n fh! f a? 'I "“c from a power 
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Fig. 8.—Oscillator performance. 

A = Oscillator adjusted. R == Standard reasses,sed. 

Observatory of the frequency of an oscillator in the standard foi 
the ensuing month; successive predictions are in general nol 
continuous one with another, so that current calibrations are liable 
to show a discontinuity at mid-month, when the new prediction 
IS received. 

Frequency comparator records show that variations of the 
frequency difference between blue and red rarely exceed ±2 parts 
m 10^ during a _24-hour period; analysis of 92 comparisons 
recorded m a typical 24-hour period (13th-14th June, 1954) gave 
a standard deviation of 7 • 6 parts in 10^ The short-period scatter 
of compansons mvolving the white oscillator is slightly greater, 
and there is a tendency for irregular drifts, which last a few hours 
giving a total range of variation of up to ±3 parts in 10^ in a 
24-hour period. 

,^°^S-term frequency accuracy of the MSF signals, in terms 
of finally-corrected time, is discussed in another paper,’ to which 
reference may also be made for time-signal results. 


(6) FUTURE DEVELOPMENTS 

1 of standard-frequency-transmission work during th 

the W increasing importance o 

irnorovement^ Th proposals for thei 

improvement. The present form of the signals has been criticized 

the n grounds, first that the energy content is low sotha 

‘‘neSt» vulnerable to interference, and secondly that thi 

59th-second impulse is omitted- 

M?F ^ ^ recognize under difficult conditions. TIk 

h f reaijanged at the request of the Nationa 

forn^of ^ positive minute signal in th( 

forLo^l there is 

Lch h time signals to be radiated for nine minutes ir 

SuStef of ^ the exact 

quarter, instead of for five minutes as at present* the loss of the 

has shown that the 

Ke appreciably hinder the use 

an-fSsT.) ^ calibrations. There is not at present 

any plan to mcrease the power of the MSF time-signal impulses 
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any substantial increase in the power would require transmitters 
of high-peak-power rating, perhaps of the pulse type, involving 
consideiable extra expense. 

Experience has shown that the 60kc/s transmission is far 
superior to the short-wave ones for accurate work, so that the 
question arises whether further experiments with long-wave 
signals may be desirable. In this respect the location of the MSF 
frequency-standard equipment at a main transmitting station 
provides interesting possibilities; the equipment is in fact already 
being used to control the carrier frequency of the high-power 
16kc/s telegraph transmitter GBR. 

(7) CONCLUSION 

The results given by MSF show that quartz-clock equipment 
of the highest accuracy can be operated successfully under radio¬ 
station conditions; it may be claimed that this type of equipment 
has graduated from the laboratory. The accuracy of the trans¬ 
missions is at present limited by the uncertainties of absolute 
frequency determination. The day-to-day frequency variations 
of the equipment are about ± 1 part in 10^, and it is to be hoped 
that work on frequency standards utilizing atomic resonances 
may soon allow the equipment to be calibrated with the accuracy 
that its stability merits. 

(8) ACKNOWLEDGMENTS 

The MSF equipment is the outcome of team work by many 
individuals in the Radio and Research Branches of the Post 


Office Engineering Department; particular credit is due to the 
Dollis Hill crystal group, under Mr. J. E. Thwaites, and to 
Messrs. A, K. Dobbie, J. E. Haworth and J. S. McClements, 
who were responsible for most of the detailed design work. 
The successful operation of the service rests on co-operation 
between the Royal Greenwich Observatory, the National 
Physical Laboratory and the Post Office, and on the careful work 
of the staff at Rugby Radio Station. The author wishes to 
express his thanks to Mr. H. T. Mitchell, for his interest and 
encouragement, and to the Engineer in Chief of the Post Office, 
for permission to publish this paper. 

(9) REFERENCES 

(1) Essen, L. ; “Standard Frequency Transmissions,” Proceedings 

I.KE., Paper No. 1677 R, July, 1954 (101, Part III, p. 249). 

(2) C.C.I.R. Recommendations: No. 18 (Stockholm, 1948), 

No. 70 (Geneva, 1951) and No. 122 (London, 1953). 

(3) Smith, H. M.: “The Determination of Time and Frequency,” 

Proceedings Paper No. 1054 M, November, 1950 

(98, Part II, p. 143). 

(4) Booth, C. F., and Laver, F. J. M.: “A Standard of Fre¬ 

quency and its Applications,” Journal I.E.E., 1946, 93, 
Part III, p. 223. 

(5) Creighton, J. L., Law, H. B,, and Turner, R. J.: “Crystal 

Oscillators and their Application to Radio Transmitter 
Control,” ibid,^ 1947, 94, Part IIIA, p. 331. 

(6) C.C.I.R. Report No. 29 (London, 1953). 


DISCUSSION ON THE ABOVE TWO PAPERS, AND A PAPER ON “STANDARD FREQUENCY TRANS¬ 
MISSIONS,”* BEFORE THE RADIO AND MEASUREMENTS SECTIONS, lOTH NOVEMBER, 1954 


Dr. R. L. Smith-Rose: I recall that we started out with the 
transmitter at the National Physical Laboratory with the idea of 
radiating regularly programmes involving 16 separate frequencies. 
These were not sent out simultaneously, but in two batches of 
eight on one day in the month. It is evident that this was too 
ambitious a programme, which even the Americans have never 
tried to imitate, and we soon abandoned it for the two separate 
frequencies described in Dr. Essen’s paper. 

The war broke the continuity of the development of this type 
of service. It is now nearly ten years since I became interested 
in ensuring that a suitable and up-to-date service of standard 
frequency transmissions was set up in this country. I felt that it 
was necessary on several grounds. First, I wanted to see us 
take our place in the forefront of the field in this subject—a 
position which we had been in danger of losing to the Americans. 
Secondly, I foresaw an international situation in which we were 
going to be asked how to ensure world-wide coverage for a 
standard frequency service, and obviously this had to be developed 
on the lines adopted by the United States Bureau of Standards. 
This “got off to a very quick start” at the end of the war by 
radiating on all six frequencies which had been laid down by the 
Atlantic City Convention for this type of service. I was hopeful 
that we could start a service, perhaps on a more modest basis, 
but at any rate on these lines. 

There were several difficulties in those early days, some tech¬ 
nical and some of an entirely different character. For example, 
there were three Government Departments interested in this 
matter with somewhat different points of view on the question of 
whose responsibility it was to organize and operate the service. 

After some discussion with representatives of the Royal 
Greenwich Observatory and the Post Office it was decided that 
the National Physical Laboratory, through the Department of 
Scientific and Industrial Research, should pay for the service, and 
have complete technical responsibility. The service developed on 

* Essen, L.: Paper No. 1677 R, July, 1954 (101, Part HI. p. 249). 


those lines. The National Physical Laboratory pays the Post 
Office for all the elaborate equipment which has been built and 
used at the Rugby station. 

Another matter which was discussed in some detail was 
whether we could start the service in this country on the same 
frequencies as those used in America, but arranging the schedule 
of transmissions in such a way that any interference between the 
transmissions from the two stations could be reduced to a 
minimum. We spent some time studying charts of ionospheric 
propagation time in order to evolve a schedule whereby certain 
frequencies were used at certain times of the day and seasons of 
the year. However, we soon came to the conclusion that if we 
adopted any such schedule it would be so complicated that no 
prospective user would ever be sure what any one of the fre¬ 
quencies was at the time when he wanted to use it, and so we 
abandoned this scheme and decided that if this question of 
mutual interference did come to a head—and it will do so in 
the future—a simple division of time would have to be adopted 
for the programmes of transmissions from different countries. 

Having settled the question of who was going to pay, and that 
there was nothing magic about the choice of the time, things 
began to move rapidly and the service developed on the lines 
described in the papers. In addition to establishing the service 
and making it available to all users, it is necessary to tell the 
world what has been accomplished. These three papers present 
the whole story of this technical achievement. Dr. Essen’s 
paper describes the development of the service from the earliest 
days and gives some account of its present scope. Mr. Law’s 
paper presents an excellent account of the special equipment 
developed, built and installed at the Rugby station, and Mr. 
Steele’s paper describes the monitoring equipment which has 
been set up by the National Physical Laboratory to keep a 
watchful eye on the frequencies as they are transmitted in these 
programmes. 

Dr. Essen stated that he had had a large number of replies from 
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people who had received these transmissions. Can he discrimi¬ 
nate between the people who merely send a card saying that they 
have received the transmission and those who are able to make 
use of the transmissions for their proper purpose ? When one is 
asked who uses this service and how one can justify the expendi¬ 
ture of the money necessary to provide it, it is not easy to reply, 

Mr. Law describes an automatic arrangement whereby, when 
the “red” clock chain frequency departs from a certain toler¬ 
ance, automatic apparatus comes into operation and the service 
of transmissions is interrupted. I believe that a similar inter¬ 
ruption takes place when the temperature gets out of control 
in some parts of the equipment. How many times has this 
interruption taken place since stage 2 of the service was started 
18 months ago, and what is the total service time which has been 
lost owing to these causes ? 

My last point concerns the use of the frequency of 60kc/s for 
transmission. As will be generally realized, this is not one of 
the frequencies which was allocated internationally for this type 
of service, and Mr. Law has explained that this frequency, which 
was allocated to the Post Office for a radiotelephone service, has 
been used for this other purpose because the telephone service 
happens to be slack or non-existent in the afternoon. However, 
what happens when the traffic on the radiotelephone service 
becomes heavy? Are the standard frequency transmissions 
interrupted in order to put the telephone calls through, and if 
so, does the Post Office make a rebate to the National Physical 
Laboratory in order to cover the revenue obtained from these 
telephone calls? 

Mir. H. M. Smith: I should like to make a few remarks about 
the two functions performed by the Royal Greenwich Observatory 
m connection with the transmissions. The first is concerned with 
the establishment of the fundamental time required inter alia for 
the calibration of the frequency and time intervals, and the second 
with the routine measurement of the time and frequency of the 
transmitted signals. 

The unit of time is at present defined in terms of the rotation 
of the earth by means of astronomical observations. There are 
however, certain variations in the rate of rotation which can no 
longer be ignored, and it has become necessary for the Royal 
Observatory to provide a time system which is effectively uniform 
while remaining based on the rotation of the earth over periods 
of one or two years. This provisional uniform time system is 
the basis of the monthly estimates made by the Royal Observatory 
of the frequency of selected standards. 

. procedure for the establishment of a uniform time system 
is limited by_ the period of uniform run of high-precision clocks, 
n astronomical investigations of the motions of the planets it is 
necessary to employ a uniform time scale extending over several 
centuries, and a new time system for this purpose has recently 
been adopted. This is known as Ephemeris Time, and is based 
revolution of the earth around the sun, i.e. on the year 
rather than the day ; it is thus free from the effects of irregular 
changes in the rotation of the earth. In practice it is measured 
by observations of the position of the moon. A new inter- 
national pro^a^e of photographic observations of the moon 

of the stars is designed to determine 
Ephemeris Time with so little delay that it will be available as 
a basis for current frequency estimation, f 

mention is made of the possibility 
standard based on atomic or molecular reso¬ 
nance. Such a standard would provide only frequency and time 
intervals, whereas Ephemeris Time offers a true time system, and 

S’ccifr^llM^lV^pi Notes of the Royal Astronomical 

nomical Journal, 1954, 59, p. gg, ’ of tiie Earth, and Geodesy,” Astro- 


already has the advantage of the link of nearly three centuries 
with Greenwich Mean Time. Atomic frequency standards will 
serve to provide a convenient link between the long-term funda¬ 
mental astronomical time standard and the current calibration of 
frequency standards to high accuracy. 

The Royal Observatory maintains a regular check on many 
British and foreign time signals and standard frequency emissions. 
Frequency comparisons on the 60kc/s MSF transmission are 
made with two independent Observatory standards, and a 
check on the accuracy of measurement is maintained by com¬ 
paring the frequency difference between the standards measured 
directly and via the MSF transmission. Over a recent period 
(1st July to 8th November, 1954) the discrepancy was within 
±5 X 10 for 98% of the measurements made. For the 
superimposed one-second “ticks,” the total scatter of the indi¬ 
vidual readings on a given day was within ± ISmicrosec for 92 % 
of the measurements. The day-to-day accuracy of comparison 
is influenced by propagation conditions, but remains fully 
adequate for all practical purposes. 

Mr. R. S. J. Spilsbury: The technical and financial responsi¬ 
bility for this work lies entirely with the National Physical 
Laboratoiy, but it is obvious that we should be incapable of 
carrying it out without the assistance of various people. We 
cannot do this job without time, and the Royal Greenwich 
Observatory provides us at present with the fundamental data. 
Of course, the earth goes round in rather a “wobbly” way and 
the stars are usually invisible in this country, but we are at 
present making an atomic clock which will avoid these effects. 

Dr. Essen was one of the prime movers in this work because 
17 or 18 years ago he invented the Essen ring which oscillates in a 
peculiar way without changing the length of its perimeter, and I 
would claim^ that this is the most stable standard of any physical 
quantity which exists to-day. It has been developed in a portable 
form by the Post Office, who have devised a mounting using silk 
strings as supports. 

The Post Office are responsible for the transmissions—in fact 
the National Physical Laboratory is only a watchdog in the 
background. However, whilst the Post Office do this work 
extraordinarily well, they do not, of course, do it for nothing. 
Their charges plus the expenses of monitoring, etc., at the 
National Physical Laboratory amount to nearly £10 000 a year. 

Dr. Smith-Rose asked who uses this service and what they 
use it for. It would be a great help if any people who use this 
service and find it valuable would let us know. This is, of course, 
a public service, and we should like it to be as good as possible. 
For example, I am being pressed by one colleague at the moment 
to change over from 1 OOOc/s to 440c/s for the a.f. modulation, 
on the ground that it would provide the British Standard pitch 
for musicians (actually it is about 100 000 times more accurate 
for their purposes). For scientific purposes 
1 OOOc/s is more convenient, and 440c/s more difficult to convert 
into anything useful. It would be interesting to know which 
frequency is preferred. It is extraordinarily difficult to get such 
information. 

Mr. N. Lea: I have recently travelled to the United States and 
seen the WWV installation. I visited the National Bureau of 
Standards, which controls WWV, and the Naval Observatory 
which provides the time information; and I think that in this 
country we have an arrangement which compares favourably. 

_ Accordmg to Dr. Essen’s paper, MSF gives a reliable 1-hour 
signal which can be received with an accuracy of within +2 
in 10 —I use the word “accuracy” with some qualification—so 
that for one hour a day we have an accuracy of within ±2 
in 10 , while for 24 hours a day we have an accuracy of within 
about ±2 in lO"^. This means that, so long as it has at its 
command a number of well-tested oscillators, an industrial labora- 
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tory is in a position to make frequency measurements at any time 
of the day to a resolution of 10"^ and to be engaged in the develop¬ 
ment of stable oscillators to about the same stability. If we want 
to develop oscillators which are stable to within 1 part in 10^ for 
useful periods, it means that the MSF service, although a very 
good starting point, is not entirely adequate, and we must set up 
locally oscillators which are stable for at least 24 hours to a 
resolution of better than 10-». In using the MSF transmissions 
in this way for the development of stable oscillators, we must, 
of course, be very careful about the definitions of frequency and 
what is being measured, and we must clearly distinguish between 
resolution and accuracy. It is particularly important that we 
should always attach to any statement of a frequency comparison 
the period over which this comparison was made. Many of the 
comparisons mentioned in the papers are concerned with periods 
of observation of a few seconds only. For general intercom¬ 
parisons between laboratories, and even between oscillators in 
the same laboratory, I think that this is unnecessarily and perhaps 
dangerously short. I prefer a period of 200sec in order to 
minimize uncertainties owing to effects in the comparison 
apparatus itself. 

With regard to the assessment of oscillator performance, even 
when extensive recorded information is available it may be 
difficult to predict future performance with a desired degree of 
probability. About three years ago I obtained recordings which 
indicated inter-oscillator stabilities of 10~^ continuously over a 
period of 30 days (Fig. A). This seemed a good result and I felt 


emphasize that the elegant frequency standardizing equipment at 
the Rugby Radio Station described by Mr. Law is operated by 
personnel normally concerned with the maintenance of trans¬ 
mitters for long-distance communication. 

I would like to deal with two points about the programme of 
future work. The first is the development of a fundamental 
frequency standard which is independent of the vagaries of the 
quartz-crystal oscillator; I hope that the work being carried out 
by Dr. Essen on the use of atomic resonance will go forward 
quickly. For the radio-station operator, the authors should seek 
means of achieving the very high stabilities they refer to, with 
relatively simple equipment; this will call for a further reduction 
in the ageing of the quartz crystal element, and a simplification 
of the crystal mounting. 

Mr. H. V. Griffiths: For many years we have rated our fre¬ 
quency standards at the B.B.C. measuring station against GBR 
time signals broadcast by the Post Office and controlled by the 
Royal Greenwich Observatory, but we have found the MSF 
60kc/s transmissions very useful as a frequency reference with 
which we can conveniently compare our own standards. 

In the introduction to Dr. Essen’s paper it is suggested that 
television will increase the stringency of requirements for the 
closeness of control of transmitting stations. That may not 
apply, because at the moment none of these stations are syn¬ 
chronized. They are offset by a deliberate fraction of the line 
frequency. The stringency of requirements is sufficiently obvious 
in the medium-frequency band, because if we have to synchronize. 



Fig. A.—^700-hour automatic record. 

More than 99% of 4 500 plotted points are within 1 in 10® of a linear drift. 


at the time that some use could be made of it. However, I soon 
discovered that various erratic effects associated with the elec¬ 
tronic system were quite unpredictable, and it has taken about 
two years to find a solution to the diflSculty. I give this history 
of my own misfortune as a warning to others working in this field. 

Fig. 8 of Mr. Law’s paper shows an intercomparison between 
ring oscillators, and there is a scatter which seems to be rather 
greater than 1 or 2 parts in 10^. I wonder whether this is due to 
actual frequency differences between the oscillators or whether it 
can be ascribed to some irregularity in the recording arrangements. 

In Fig. 4 of Mr. Steele’s paper there is a slight scatter in the 
difference between the ring oscillators, and it looks as if this is 
also about 10"^. Will the author confirm whether this is so, or 
whether it is less than that ? 

Capt. C. F. Booth: Apart from particular applications requiring 
very high stabilities, i.e. navigational aids, common-frequency 
working in broadcasting, etc., we must make more effective use 
of the spectrum by improving the frequency tolerance of trans¬ 
mitters if we are to accommodate the ever-growing needs. It is 
essential, therefore, for the authors’ work to go forward and 
for those concerned with the planning, provision and operation 
of radio services to use the information they provide. My own 
experience has shown that the stability achieved in the laboratory 
is quickly applied at radio transmitting stations. I would 


or approximately synchronize, two transmitters, e.g. at a fre¬ 
quency of 1 OOOkc/s, then assuming that quite a low tolerance is 
adopted, say 5 sec, for the beat frequency between them, it is 
necessary to have the transmitters maintaining their allocated 
frequency to within 0-lc/s, and that is 1 part in 10'^. The 
measuring station, of course, must be one order better, which 
brings us to 1 part in 10®. Thus the need for these accuracies is 
well established. 

The 200kc/s Droitwich transmission is greatly used in the 
United Kingdom, and to some extent on the Continent, as a 
substandard of frequency for quasi-scientific purposes. I believe 
that the reason for this is that it is available almost continuously, 
whereas the MSF 60kc/s transmission, in the most stable propaga¬ 
tion frequency band, is only available for one hour a day. There 
is undoubtedly a need for some long-period low-frequency trans¬ 
mission in the 50-200kc/s band, where propagation is most stable. 

In Section 5.1 of Dr. Essen’s paper there is mention of the 
scatter of the results. In making comparisons with MSF we 
obtained apparent scatters of the order of 4 or 5 parts in 10^, 
but we decided that part of the scatter was a systematic error in 
the readings obtained from the apparatus used for intercomparing 
MSF and Tatsfield. The apparatus we use is rather less complex 
and costly than that described in the papers. It relies partly 
upon manual operation. The MSF 60kc/s transmission and the 
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local standard are displayed together on a circular oscillograph 
trace, the phase alteration being determined over a period of 
500sec. Another set of apparatus permits the intercomparison 
or our own standards at a frequency of 20Mc/s, by multiplication 
ot the fundamental lOOkc/s frequency of the standards. 

Fig. 2 of Dr. Essen’s paper shows the fluctuations in received 
frequency with the MSF short-wave transmission. Similar 
fluctuations are observed in Tatsfield measurements of the B.B.C. 
substandard frequency transmissions on 17 810, 9 510 and 
6 180kc/s. We notice the same sunrise and sunset effects, and 
the diurnal changes of sign of the error frequencies. 

With regard to Mr. Law’s paper, I would be interested to have 
piecise details of the device which detects the presence or absence 
of the temperature-control cycle and operates the alarms. There 
are existing alarm, systems of Post Office design on the Tatsfield 
quartz ring and on other B.B.C. standards, but the particular 
device described may be new. The No. 4 ring standard, which 
was put^ into service in November, 1953, has been very satis¬ 
factory indeed up to the present. Its rate has in the last few 
months become asymptotic to about +4 parts in 10® and it is 
extremely stable to within limits of 1 or 2 parts in 10^, judged 
from the^ intercomparisons with MSF, in which the errors of 
propagation and intercomparison may not be negligible. 

I notice from Fig. 4 of Mr. Law’s paper that multivibrators 
ave been adopted for use at Rugby. The choice may be under¬ 
standable with so many circuits to control. At Tatsfield, on the 
other hand, we prefer the so-called “knock-back” (regenerative) 
binary circuit for frequency division, and we have two systems 
m operation, each frequency-dividing from lOOkc/s to Ic/s. 

comparisons with 

GBR but have been made to drive the station clocks provided for 
ordinary operational pmposes. We are very satisfied with these 
modified binary divider circuits. 

I notice that the 59sec impulse from MSF is in process of being 
clianpd._ I think there will be general agreement that the 
lengthening of the minute dash is to be preferred. Otherwise 

one can never be quite sure whether the signal has faded out 
or not. 

We have iiothing as complex or elegant as the apparatus 
described in Mr. Steele’s paper. However, for the very large 
nurnber of measurements that we make, the B.B.C. comparison 
equipment gives results that compare very well with the MSF 
curves shown. Our results prove that the Tatsfield No. 4 stan- 
dard has a performance about equal to that of the MSF standard. 

With regard to Fig, 5 of Mr. Steele’s paper, I assume that the 
conversion standard at the bottom left-hand end of the diagram 
is the same as that which is used to compare with MSF In 
tne N.P L. measurement of 200kc/s I do not see any reference to 
me small phase changes that seem to occur with peak modulation 
They are very small-about r or less, 1° being about the maxi- 
mum. We have observed this effect with our apparatus. One 
should always, of course, suspect trouble in the comparator 
circuits, but when a local standard is substituted for the Droitwich 
carrier, the phase shifts do not occur. 

Mr. H. T. Mitchell: I feel that the authors have been too 
reticent about the ring itself, which is the heart of the equipment. 
Dr. Essen described the Z-cut ring in 1938. It was a plain ring 
of quartz mounted on three pins, with the electrode system spaced 
rom the quartz by a small air-gap. Since 1938 the Post Office 
have taken that basic ring and put the electrodes on the quartz 
surface by evaporating silver, and mounted it not on three pins 
but m SIX small silk threads. I think that Dr. Essen is of the 
opinion that we have not made it any more stable, and he may 
be justified in that view, but at least we have made it transport¬ 
able. We can now malce a ring in the laboratory, age it and send 
It several thousands of miles, being fairly certain that it Mil 


give as good a performance when it arrives at the user’s premises 
as it did when it left us. This is easily the best resonator 
available to-day. 

Quite a number of these thread-suspended rings have been 
made, and 38 are in use at the present time—three in Australia 
five in the United States, four in Canada, and the remainder in 
this country. Of these latter, six are at the Royal Observatory 
at Abinger, three are at the National Physical Laboratory, one is 
at the B.B.C, and the remaining 16 are in use by the Engineering 
Department of the Post Office. That may seem a very large 
number to have at the Post Office, but they are at various places, 
and some are used as oscillators and some as resonators. 

Fig. B is a photograph of this ring showing the plated quartz 
ring supported on fine silk threads. 





Fig. B.—Quartz-crystal oscillator unit W6. 

with cover removed.^^^^ suspension in crystal holder W6, 


Mr. G. B. Wellgate: The equipment at the Royal Greenwich 

frequency comparison between the 
MSF carrier of 60kc/s and the local standards, consists of a 
signal amplifier incorporating a crystal-lattice filter of about 1 c/s 
bandwidth followed by a convertor from 60 to lOOkc/s. 

This convertor is essentially a regenerative divider by a factor 
ot three. In such a divider a frequency of 40kc/s derived from a 
20kc/s signal is used to modulate the input signal thus producing 
two sidebands—the 20kc/s signal mentioned and one of lOOkc/s 
wanted for comparison purposes. 

Measurements made at quarter-hour intervals result in fre- 
quency differences between the carrier of MSF and the local 
standards integrated over three-quarters of an hour. The mean 
va ue tor the anomaly mentioned by Mr. Smith is just over one 
part m 10 , and the measured differences between the carrier 
frequency of MSF and that of the best local oscillator do not 
normally depart by more than ±3 parts in IQio from a linear drift. 

1 he method of measurement is due to R. H. Tucker of the 
Royal Greenwich Observatory. 

The time-signal receiver for 60kc/s has an effective bandwidth 
o kc/s, and mean deviation of individual measurements 
aeparts by ±4m]crosec from the mean of a series of such 
measurements. 

Mtr. P. P. Eckersley: It is clear that the frequency of a crystal 
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oscillator can be maintained to within very close limits; as a 
corollary there obviously exists a means whereby time standards 
could be established to a high degree of accuracy. 

The authors have dealt with international checks upon fre¬ 
quency and how they are made; I would like to deal with the 
possibilities of establishing accurate time nationally and in a 
manner so that all could have an easy reference to it. More 
precisely, could we not assume that public and private clocks 
could be maintained to the same standard, and that an accurate 
one? 

We can hear, in our own homes, the strokes of Big Ben, the 
broadcast pips, and if we have a telephone, the TIM service. 
When we go out of doors it is another matter; we have to rely 
upon the vagaries of a watch or public timepieces. 

What are the authors’ views on the possibility of synchronizing 


mains frequencies with the submultiple frequency of a crystal 
oscillator. The crystal-oscillator frequency could be divided to 
become 50 c/s, and this could be compared with the mains fre¬ 
quency. The out-of-sjmchronism component could then be used 
to open and shut the steam valves at the generating station. The 
problem is well known and concerns that of servo mechanisms; its 
application, to say the least of it, would be on a rather large scale. 
The fact that the scale is large does not, however, vitiate a 
principle, and some superficial consideration of the matter leaves 
me with the feeling that, if it were worth doing, it could be done. 

Assuming that the scheme were successfully consummated, we 
would banish once and for all one of the annoyances of life the 
inaccuracy of public and domestic clocks. 

I understand that in the United States an accuracy to within 
100 millisec for a mains-driven clock is guaranteed. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Dr. L. Essen {in reply)'. In reply to Dr. Smith-Rose I can give 
a few figures about the reception reports we have received. The 
majority (450) come from amateur radio operators, and of these, 
some only required an acknowledgment card while others stated 
that they made use of the transmissions for calibration purposes. 
All these reports give useful information about the reception 
area. The number of commercial firms and Service and uni¬ 
versity laboratories in this country known to make use of the 
transmissions is approximately 150, but we suspect that the actual 
number of users is considerably greater, because they do not, in 
general, write to us unless they have some query to raise. In 
addition there are at least 15 specialist users, including several 
observatories and firms developing high-precision oscillators, 
who make use of the full accuracy of the low-frequency trans¬ 
missions. In this connection I might mention that the work at 
Harvard University, to which brief reference is made in the paper, 
has continued, and that to assist such long-distance reception 
the Post Office arranged to have the powerful GBR station 
on 16kc/s controlled by the standard used for MSF.* A photo¬ 
graphic copy of one of Mr. Pierce’s records reproduced in 
Fig. C gives results of measurements of both the MSF 60kc/s 


I was interested in Mr. Smith’s account of the adoption of 
Ephemeris Time. We have from the outset expressed the 
frequencies of MSF in terms of the uniform time system, but it 
is doubtful whether this has so far given an appreciably greater 
uniformity because the predicted variation in the period of the 
earth’s rotation was found to be too great. If it can be deter¬ 
mined more quickly and predicted with greater accuracy by 
means of the moon observations we may be able to do better 
in the future. 

The relationship between astronomical time and atomic time 
will become of great importance, and I do not think we should 
dismiss the subject with Mr. Smith’s comment that an atomic 
standard provides time interval whereas Ephemeris Time offers 
a true time system. All time standards provide only time in¬ 
terval, and the basic difference between them is the length of this 
interval. In case of the earth the interval is so large that it is an 
easy matter to count the individual completed periods and thus 
construct a time scale. On the other hand because of the large 
period the observational accuracy is comparatively low, and in 
order to define the unit of time interval with a high accuracy it is 
necessary to take the average of many observations. By 
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and GBR carrier waves. The edge of a dark band represents the 
arrival time of a particular phase of the wave on a time scale 
derived from the local standard. The broken line shows the 
slope‘for a frequency difference of 1 part in 10^, and it is clear 
that measurements to this accuracy can be obtained in a short 
time and that the observations will enable the diurnal change of 
propagation time of these long waves to be measured with high 
precision. Short-time comparisons to this accuracy are of par¬ 
ticular interest in view of the development of atomic standards of 
frequency mentioned by several speakers. 


♦ Peeece, J. a., Mitchell, H. T., and Essen, L.: 
Time Comparisons by means of Radio Transmissions,” 


“World-Wide Frequency and 
Nature, 1954, 174, p. 922. 


averaging over a sufficiently long period almost any order of 
accuracy can be obtained, but this is of little significance outside 
the field of astronomy, especially as it is known that the time 
intervals are not uniform during that period. The large observa¬ 
tional errors, as well as the limitations of quartz-crystal clocks, 
make it difficult to establish a uniform time system and limit the 
accuracy with which the unit of time can be defined during the 
comparatively short intervals occupied by most physical experi¬ 
ments to about 1 part in IQS. 

With atomic standards the interval is very small, and in conse¬ 
quence the integration to form a time scale is more difficult; but 
the precision of setting is correspondingly high, something better 
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than 1 part in 10^ already having been achieved in the United 
States. They should therefore enable our working standards— 
the quartz-crystal clocks—to be calibrated with a precision not 
previously obtained and moreover in a very short time. The 
quartz-crystal clocks could then be used with this accuracy for 
measurements of frequency and time interval. 

It is clear from their inherent differences that astronomical 
standards will always be better for the measurement of long time 
intervals, while atomic standards promise to be more suitable 
for short time intervals. It is essential that the relationship 
between the two be established by appropriate experiments and 
recognized by international agreement. The independent use of 
atomic resonances as frequency standards, which appears to have 
been suggested in some quarters, would lead to much confusion, 
and should be firmly discouraged. 

Some very kind remarks have been made about the quartz-ring 
oscillators, and I am naturally gratified that they have proved so 
successful. When I refer to the rings made by the Post Office I 
am always careful to specify their source, partly in order to 
acknowledge the work of the Post Office because I know the 
performance depends to a large extent upon the care taken in 
manufacture, and partly in order to label them so that the per¬ 
formance can be associated with a particular form of construc¬ 
tion. When the rings were first developed the technique of 
depositing electrodes on quartz was not well established, and I 
decided to use an independent electrode system. Any movement 
of the ring within the electrodes produced a large frequency 
change, and the three-pin support was used to give the necessary 
geometric location. Now that the electrodes are deposited on 
the quartz, a more resilient form of mounting is permissible and 
has some advantages. I can assure Mr. Mitchell that I am not 
critical of the changes in design which have been made and 
which have probably resulted in a general improvement of per¬ 
formance, particularly as regards the effect of mechanical shock. 
At the same time, the drift rate of one of the original two hand¬ 
made rings used at the N.P.L. was as low as any yet recorded, and 
two more of these rings reached Australia satisfactorily without 
any special precautions being taken and are I believe still in use. 

I hs^ve always felt that the ring is too elaborate for widespread 
application, and Capt. Booth shares this view; but the intensive 
efforts that have been made to produce a simpler but equally 
stable oscillator have not been completely successful. The solu¬ 
tion to the problem of the frequency control of transmitters may 
depend on a wider use of low-frequency standard transmissions 
and automatic frequency control. 

Mr. J. McA. Steele {in reply): I am in agreement with Mr. Lea 
on the desirability of stating the relevant time interval when 
discussing the limits of error attaching to any frequency com¬ 
parison. This is generally done in the paper where a precise 
statement is attempted. In regard to the length of the beat 
period, the sources of error in the comparison equipment at the 
N.P.L. are thought to be well known and have negligible effect on 
the accuracy of comparison, even with beats as short as 2 sec. 

Owing to the necessarily discrete nature of the counting pro¬ 
cess in beat-period measurements, slight discrepancies, amounting 
at the most to 3 parts in 10^®, can arise between the traces (a), 
{b) and (c) of Fig. 4. The relative stability of the ring oscillators* 
as determined by direct measurement, is usually better than 
2 parts in 10^*^ over a period of 24 hours. 


In reply to Mr. Griffiths, the standard supplying the frequency 
generator in Fig. 5 is usually the same as the comparison standard 
for MSF. Any other standard of comparable stability may 
however, be used if it happens to provide a more convenient beat 
period for manual or automatic measurements. 

The phase changes referred to in the Droitwich 200kc/s 
transmission could only be detected in our measurements by the 
variation produced in the mean carrier frequency in a short time 
interval. They are not inconsistent with the frequency differ¬ 
ences, amounting at times to 5 parts in 10®, found between suc¬ 
cessive comparisons at 4 sec intervals with a beat period of 
length 2 sec. 

With regard to Mr. Eckersley’s suggestion for the control of 
the mains frequency by reference to a quartz oscillator, it is 
questionable how far one may regard the frequency as an* inde¬ 
pendent variable. To do so appears to imply that the total 
generating capacity instantly available at any time greatly exceeds 
the total demand or potential demand—an operating condition 
scarcely likely to appeal to the supply engineer. 

Mr. H. B. Law {in reply): In reply to Dr. Smith-Rose, there 
have been no interruptions to the MSF transmissions owing to 
the equipment going out of tolerance or owing to loss of tem¬ 
perature control. The telephone service has a prior call on the 
long-wave transmitter used for the 60kc/s service; no rebate has 
been allowed to the National Physical Laboratory for loss of 
time on the standard frequency service. I would suggest that the 
N.P.L. gets very good value for money. 

Mr. Lea enquires whether the irregularities visible in Fig. 8 
are attributable to the oscillations under comparison or to the 
comparison equipment itself. In the case of the lowest graph, 
which gives the 24-hour frequency differences between red and 
blue, comparison errors are negligible; the scatter in this graph 
is less than 1 part in 10®. The three remaining graphs involve 
frequency comparisons with the Post Office standard, each made 
over a period of some minutes in terms of the 60kc/s transmission; 
the comparison accuracy is estimated to be rather better than 
1 part in 10®, and the scatter visible in the first and third 
graphs is consistent with these comparison errors and with the 
short-period instabilities of the oscillators concerned. The 
second graph concerns the comparatively unstable white 
oscillator. 

Mr. Griffiths expresses interest in the method used for detecting 
the presence of the crystal-oven temperature control cycle, but 
full details cannot be given here. He remarks that he has had 
very satisfactory results with the “knock-back” binary type of 
frequency-divider circuit. There are several types of frequency- 
divider circuit that are good in principle, and my experience 
suggests that the choice of method is less important than the 
exercise of proper care in the detailed design work. It so happens 
that we have made a particularly close study of the action of the 
multivibrator, and we naturally tend to use it for frequency 
division. 

Capt. Booth remarks that the equipment at Rugby is main¬ 
tained by the normal transmitting-station staff. I should like to 
add that the staff concerned have looked after the equipment, 
which is very different from that ordinarily to be found in a 
transmitting station, in a most creditable fashion; any success 
achieved by the MSF service is due in no small measure to their 
careful work. 



621.317.38 : 621.315.59 : 538.632 : 538.566 


Paper No. 1654 M 
June 1954 


THE APPLICATION OF THE HALL EFFECT IN A SEMI-CONDUCTOR TO THE 
MEASUREMENT OF POWER IN AN ELECTROMAGNEHC FIELD 

By Professor H. E. M. BARLOW, Ph.D., B.Sc.(Eng.), Member. 

(The paper was first received \lth November, 1953, and in revised form 26th January, 1954. It was published in June, 1954, and was read before 

the Measurements Section 23r<7 November, 1954.') 


SUMMARY 

The paper deals with the application of the Hall effect in a semi¬ 
conductor, like germanium, to the measurement of power transmitted 
along a line or a hollow metal waveguide. It is shown that the 
expression for the instantaneous value of the Hall e.m.f. generated in 
a small piece of semi-conductor erected in an electromagnetic field is 
of exactly the same form as the expression for the instantaneous power 
traversing the semi-conductor. Thus the mean value in time of the 
Hall e.m.f. is a direct measure of the power, and this is true for 
alternating, pulsating or steady fields. 

The paper describes various types of wattmeter embodying the fore¬ 
going principle and applied to ,a wide range of frequencies. The 
method is particularly suitable for use when strong magnetic fields are 
available, and heavy-current systems consequently lend themselves to 
the apphcation of this device without the need for current trans¬ 
formers. Experiments at 50 c/s and again at 300 Mc/s with an /z-type 
germanium crystal erected in the annular space between the inner 
and outer conductors of a coaxial line showed that, for a given power, 
the Hall e.m.f. was the same at the two frequencies, within the accuracy 
of the measurement. Thus there is a prospect of calibrating such an 
instrument at a low frequency and using it, if desired, at a very high 
frequency. 

(1) INTRODUCTION 

The Hall efifect,i which was discovered in 1879, occurs when 
a transverse magnetic field is applied to a conductor carrying a 
longitudinal current. In such circumstances an e.m.f. is set up 
in the conductor at riglit angles to the magnetic field and to the 
current. The effect arises from the action of the externally 


there is a flow of energy through the field. The orthogonal 
spatial relationship between the transverse electric- ahd magnetic- 
field components provides for the essential conditions required. 
Thus the mean value, in time, of the Hall e.m.f. produced in 
that way is a direct measure of the power, and this is true for 
both steady and alternating fields. Semi-conductors suitable 
for the purpose have a high resistivity and therefore do not 
present a serious obstacle to penetration by the field, even at 
very high frequencies. The real difficulty in applying this 
device, without ambiguity, to the measurement of power, arises 
from the rectifier action which a semi-conductor circuit-element 
tends to introduce, and special precautions are necessary to 
eliminate so far as possible any residual rectification. 

Examples are given of the design of practical instruments for 
the measurement of power in terms of the Hall e.m.f. generated 
in a semi-conductor. These instruments range from direct- 
current and low-frequency types to arrangements suitable for 
the microwave part of the spectrum. Experiments carried out 
in relation to this application have established the existence of 
the Hall effect in n-type germanium up to a frequency of 
300 Mc/s, and although precise quantitative measurements have 
still to be made, it is clear from the work already done that the 
Hall coefficient remains approximately at the same value through¬ 
out that frequency band. Thus when a transverse electro¬ 
magnetic wave is used for the device it seems likely that the 
arrangement can be calibrated at 50 c/s and used if desired at 
very high frequencies. 


applied field in producing a sideways deflection of the mobile 
carriers taking part in the conduction process.* Semi-conductors 
like germanium and silicon show a relatively large Hall effect, and 
in general such materials contain both negative and positive 
carriers, represented respectively by the so-called excess electrons 
and holes.^ The two carriers naturally give oppositely-directed 
Hall effects, and to ensure that the resultant Hall e.m.f. is of 
substantial magnitude it is important to employ materials in 
which conduction is predominantly either by electrons or by 
holes. Thus germanium of the /z-type or of the p-type is usually 
satisfactory. The conductivity of a semi-conductor depends 
upon its impurity content, and when that is reduced the material 
becomes a better insulator. On the other hand a conductor 
when purified should become a better conductor. 

It is the purpose of the paper to describe a new application of 
the Hall effect in semi-conductors. So far the effect has been 
employed only for such purposes as the measurement of steady 
magnetic field-strengths^ and for the elucidation of the behaviour 
of semi-conducting materials.^ 

If a piece of germanium or silicon, for example, is erected in an 
electromagnetic field, a Hall e.m.f. will be generated in it, when 

* The distribution of current over the cross-section of a conductor is actually 
modified slightly by the magnetic field associated with that current, but the magnitude 
of this Hall efiect is generally so small that it may be ignored without incurrag 
appreciable error. [See “Electromagnetic Theory,” by J. A. Stratton (McGraw-Hill 
Book Co.), p. 14.] 

Dr. Barlow is Pender Professor of Electrical Engineering at University College, 
London. 


(2) PRINCIPLE OF OPERATION 
Suppose that in a piece of semi-conductor, such as germanium 
or silicon, a magnetic field is set up along the z-axis, as defined 
by a Cartesian co-ordinate system, with current flow at right 







Fig. 1.—Semi-conductor element and co-ordinate system employed. 

The positive and negative signs refer to the polarity of the HaU e.m.f. for mobile 
negative carriers. 

angles along the y-axis; then an e.m.f. appears, owing to the 
Hall effect, along the x-axis (Fig. 1). This electromotive force 
at any instant is given by 

y = volts.(1) 
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where B is the instantaneous flux-density in gauss, is the 
instantaneous current in amperes, ^ is the Hall coefficient in 
volt-centimetres per ampere-gauss, and t is the thickness in 
centimetres along the 2 -axis of the sample of material exhibiting 
the Hall effect. 

It can be shown^ that 

^ — o 7 -,c\i volt-cm/amp-gauss . ( 2 ) 

where and are respectively the number of excess electrons 
and holes per cubic centimetre, and 6 ;, are the corresponding 
mobilities of the excess electrons and holes expressed in square 
centimetres per volt-second, and e is the electronic charge. 

For «-type germanium at room temperature and 

taking = 10^^ carriers/cm^, b^=^l 600 cmVvolt-sec, bf, 
— 1 700 cm^/volt-sec, with ^ = 1*6 x 10~^^ coulomb, we find 
~ 7-4 X 10~^ volt-cm/amp-gauss. 

The power-flow density P at any instant in an electromagnetic 
field, measured in watts per square centimetre of cross-sectional 
area of the field, is given by 

P = EH watts/cm^.( 3 ) 

where E is the instantaneous value of the transverse component 
of the electric field, in volts per centimetre, and H is the instanta¬ 
neous value of the transverse component of the magnetic field, 
in amperes per centimetre. 

If, therefore, it is arranged to produce through a piece of 
semi-conductor, placed in an electromagnetic field, a current 4 
arising from the electric field E, then assuming in the first place 
a purely resistive circuit, the current 4 will be in phase with E 
and proportional to it. The magnetic flux density B is equal to 
fj.H, and if jx, the permeability of the medium, is constant, the 
Hall electromotive force will be a direct measure of the power- 
flow density at any given point in the field. It is clear that 
eqns. (1) and (3) for the Hall electromotive force and the power- 
flow density, respectively, are, apart from a constant term, 
exactly equivalent when, for example, 4 corresponds to E, and 
B to H. 


with a phase difference between B and H or the corresponding 
current when the field is associated with a metal guide, and to 
provide for that phase angle by an equal angle of the same sign 
between 4 and E, when using a pure resistance load for which 
the field components E and H must be in step (see Fig. 6). 

Whilst the device is of general application to the measurement 
of power or of energy transmitted in an electromagnetic field, 
whether supported by a guide or in free space, it is particularly 
suitable for use with a transmission line, a cable or a waveguide. 
In order to obtain a conveniently measurable Hall electromotive 
force with a power of a few watts, it is desirable when using a 
semi-conductor like germanium to operate the device in a 
relatively strong magnetic flux, since the current 4 is limited 
by the need to avoid any substantial power loss in the semi¬ 
conductor and consequent rise in temperature. Moreover, there 
is a tendency for semi-conductors to saturate in very strong 
electric fields.'^ 

For a free-space plane wave the ratio EJH is 377 ohms, but 
when conductors are used as a guide it is possible to alter this 
ratio by increasing H at the expense of E and bringing about a 
more favourable situation for power measurement by the 
application of the Hall effect. The magnetic flux density, B, 
can also be increased relative to H by providing a medium of 
high permeability over the greater part of the magnetic circuit. 
There is, however, the possibility of increasing the sensitivity of 
the, device with alternating fields by placing it in a resonant 
system, such as a resonant window or cavity of the kind employed 
at ultra-high frequencies. 

(3) ELIMINATION OF RECTIFIER ACTION IN 
SEMI-CONDUCTOR UNIT 

For power measurement by the method described the Hall 
electromotive force set up along the x-axis of the piece of semi¬ 
conductor is required, when a current 4 flows through it along 
the y-axis and a magnetic flux B penetrates it along the z-axis as 
shown in Fig. 1 . The piece of semi-conductor, in so far as its 
ordinary linear ohmic resistance is concerned, can be conveniently 
regarded as forming a bridge circuit (Fig. 2) which, when 


If, for an alternating electromagnetic field, the modulus of i 
is made proportional to the modulus of E and the modulus of B 
proportional to the modulus of H, with the same phase difference 
between 4 and E as between B and H, then P is still obtained 
directly in terms of v. The total power can either be related to 
the power-flow density over a small area of the field or be 
obtained by integration. 


The orthogonal spatial relationship which normally exis' 
between the transverse components of E and H in an electrc 
magnetic field enables these components to be used to produc 
the desired effect in the piece of semi-conductor, so that the Ha 
electromotive force then represents the longitudinal power. 

The device is applicable to steady, pulsating or alternatin 
electromagnetic fields. When pulsating or alternating fields ar 
^ed it is necessary to obtain the true mean value in time of th 
Hall electromotive force taken over a complete period Tiiu' 
represented as a funcfion of time, the Hall electromotive fore 
itseJt may be alternating or pulsating according to whether thi 
electromagnetic field consists of, for example, a standing wav 
or a travelling wave, but in any case its true mean value over i 
complete period gives a measure of the actual power, takim 
in o account any phase difference between the transverse com 
ponents of the electric and magnetic fields. Moreover th( 
to^tion of the power through the electromagnetic field is iivei 
by the sign of the Hall electromotive force and the accuracy o 
the power measurement is independent of the waveform of th( 
field components. It may be convenient sometimes to operafi 



Fig. 2.—Equivalent linear-resistance circuit of semi-conductor 

element. 

electrically balanced, should give no potential difference between 
t e Hall contacts Mj and M 2 in the absence of any magnetic 
fmx B. It is desirable in the present application to establish 
this condition as nearly as possible, but it is not essential since 
any sinusoidal component of the output at Mj.Ma does not 
affect the true mean value, and a condenser across these contacts 
can. be used if necessary to by-pass any alternating current 
arising from an imperfect linear resistance balance. The cir¬ 
culation of such a current will, of course, add to the heating of 
the piece of semi-conductor and should therefore be avoided as 
far as possible. There are occasions when it may be worth 
while to incorporate a filter for this purpose. 

Unfortunately, connections to a semi-conductor almost 
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invariably tend to introduce a non-linear resistance,^ but, even 
so, perfect electrical symmetry of the bridge circuit representing 
the semi-conductor unit would be expected to eradicate any 
rectified current output between the contacts Mj and M 2 . In 
such circumstances when the current is alternating it should 
display exact symmetry as between one half-period and another, 
whilst the corresponding output at Mj and M 2 should behave 
similarly. (See Fig. 1.) 

Soldered connections to a germanium crystal, particularly if 
the solder contains antimony, can be made very largely non 
rectifying, or alternatively a welded connection, having the 
desired properties, may be formed by discharging a condenser 
through a wire in contact with the crystal.^ It has also been 
shown that a good so-called non-rectifying connection may be 
made to semi-conductors by electrolytically plating their surface 
at the points required.? 

Even when every precaution has been taken to establish linear 
ohmic comiections to the semi-conductor, it is not always possible 
to avoid entirely some slight residual rectifying action, but if the 
voltage applied along the y-axis is not allowed to rise to too 
high a value, the rectification effect on the true mean value of 
the unbalanced e.m.f. appearing between Mj and M 2 , in the 
absence of B, can be made negligible. *The need to avoid any 
significant residual rectifier output at the Hall contacts is another 
reason for increasing the sensitivity of the device as a wattmeter 
by strengthening B rather than The electrical balance of the 
semi-conductor as a bridge circuit can be conveniently carried 
out, for example in the case of germanium, by attaching the 
leads to it as symmetrically as possible and then making the 
final adjustment, whilst current is passing through the crystal, 
by grinding the edges of the low-resistance arms in the vicinity 
of the contacts with a piece of carborundum until the nearest 
possible approach to balance is achieved. 

In order to provide for a final adjustment which is easily made 
should any small change occur in the operating conditions, it is 
convenient sometimes to use a shunt resistance as shown in 
Fig. 3(a) or a voltage divider as shown in Fig. 3(b). These 



Fig. 3.—Methods of balancing out residual rectifier output at Hall 

contacts. 


controls are placed outside the electromagnetic field, and in the 
first case the resistance must be very much higher than the 
internal resistance of the semi-conductor, whereas in the second 
case the voltage-divider resistance should be low compared with 
the galvanometer resistance and yet higher than the internal 
resistance of the semi-conductor between the contacts across 
which it is connected. Alternatively, an independent rectifier 
can be used to give an output determined by the voltage at the 
VoL. 102, Part B. 


same point as the semi-conductor unit and matched to com¬ 
pensate any residual rectifier current arising from that unit. 
There is also the possibility in appropriate circumstances of 
applying the pole of a permanent magnet or a narrow pencil 
of light at a particular place on the surface of the semi¬ 
conductor unit, so as to bring about an adjustment for electrical 
symmetry, but this condition is difficult to maintain by that 
means over a range of voltages applied to the semi-conductor. 

When using the device with alternating fields it has been found 
possible to connect a number of semi-conductor units in cascade 
so that their individual Hall electromotive forces add together 
to give an enhanced output for a given power and an increased 
sensitivity. To do this it is necessary to feed the current to 
each semi-conductor unit through a capacitance Cj so that no 
direct-current circuit is formed by way of the conductor or con¬ 
ductors acting as a guide for the power being measured. This 
arrangement is shown in Fig. 4. To reduce the effect of Q in 


V 


Fig. 4.—Method of connecting a number of semi-conductor elements 
in cascade, when employed with alternating electromagnetic 
fields. 

changing the phase of relative to the supply voltage V, it is 
desirable to make the impedance of Q, at the frequency used, 
small compared with the resistance of the semi-conductor unit 
itself. This is easily achieved at high frequencies when the 
cascade connection of a number of semi-conductor units in the 
manner described is of particular value. By suitably orienting 
the individual semi-conductor units in the electromagnetic field, 
any residual unbalanced rectifier electromotive forces between 
the Hall contacts can be made to neutralize one another, whilst 
the required Hall electromotive forces remain additive. Since 
the true mean value of the Hall electromotive force over a 
complete period is directly proportional to the power through 
the semi-conductor, it is clear that the use of a high-resistance 
moving-coil galvanometer to record that electromotive force 
yields a linear scale of power. Such a scale is generally prefer¬ 
able to the non-linear scale of, for example, the dynamometer 
wattmeter, often used at power frequencies. 

Fig. 5 shows the Hall e.m.f. as a function of time for an 
applied alternating voltage and current corresponding to the 
electric and magnetic fields of an electromagnetic wave when 
feeding, in one case, a pure-resistance load and, in the other, a 
pure-reactance load. A small asymmetrical current output, 
arising from residual rectifier action, is also included on the 
diagram. 

In applying germanium crystals to the measurement of power 
in the way discussed, it is important to remember that they are 
sensitive to light and are affected by surface moisture. Any 
disturbances due to such causes can be substantially eliminated 
by coating the crystal with an opaque insulating varnish, which 
is incidentally a water repellent. There is also the problem of 
heating and the need to avoid any substantial rise of temperature. 
The number of carriers per cubic centimetre, both positive and 
negative, varies with temperature, and this affects the value of 
the Hall coefficient. At ordinary air temperatures the rate of 
variation is small, but most semi-conductors should not be 
operated much above room temperatures. At about 70° C the 
Hall coefficient for germanium begins to fall rapidly, but it 

7 
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Pig. 5.—Curves of instantaneous Hall e.m.f. for an a.c. circuit feeding 
(a) a pure-resistance load and (6) a pure-capacitance load. 

(i) Instantaneous load voltage. 

(ii) Instantaneous load current. 

(ill) Output from rectifier action. 

(iv) Output from Hall e.m.f. or power consumed in load. 

recovers again on cooling. A small crystal measuring about 
1 cm X 0 • 5 cm X 0 • 1 cm cannot be allowed to dissipate more 
than about i watt. Silicon has better properties in this respect. 

(4) APPLICATION TO POWER MEASUREMENT 

(4.1) Arrangement for Direct Current and Low-Frequency 
Alternating Current 

In the first place the piece of semi-conductor may be erected 
between the conductors of a parallel-strip transmission line as 
shown in Fig. 6. The Hall electromotive force is conveniently 



Fig. 6.—Parallel-strip transmission line with semi-conductor unit 
mounted between the busbars. 

measured by a high-resistance galvanometer, by some form of 
valve voltmeter or, if greater precision is required, by a potentio¬ 
meter. The arrangement is suitable, for either d.c. or a.c. 
circuits. 

The proportionality factor between the mean value of Hall 
e.m.f. and power, representing the sensitivity of the device, 
depends upon many things. Using an n-type germanium crystal 
of dimensions 0-5 cm x 0-3 cm x 0-1 cm giving an internal 
resistance of, say, 650 ohms, supported in air between two 
parallel-strip conductors each 1 cm wide and separated by a 
distance of 0-5 cm, a Hall e.m.f. of about 6 microvolts per watt 
has been obtained with a potential difference across the crystal 
not exceeding 5 volts. 

At power frequencies and within the audio range it is helpful 
to strengthen the magnetic flux by the use of high-permeability 
materials, such as laminated iron and its alloys, to form the 
principal part of the magnetic circuit outside the semi-conductor 
as shown, for example, in Fig. 7. In this way the sensitivity of 
the arrangement can be greatly enhanced. Alternatively, an 



Pig, 7.— Parallel-strip transmission line with semi-conductor unit 
mounted between the busbars and in the air-gap of a high- 
permeability core. 

arrangement similar to the tong ammeter may be employed so 
that the semi-conductor is placed in the magnetic field outside 
instead of between the busbars forming the transmission line, 
and a voltage circuit for the current is provided by clips 
attached to opposite points on the busbars as shown in Fig. 8. 

Split at -which iron 
core opens to encircle 



Fig. 8.—Parallel-wire transmission line with high-permeability core 
encircling one of the conductors and a _ semi-conductor unit 
mounted in an air-gap of the magnetic circuit outside the busbars. 



Fig. 9.—Circuit arrangement using a magnetizing coil in parallel with 
the supply and a series resistor to by-pass current through the 
semi-conductor unit. 



Fig. 10.—Circuit arrangement using a magnetizing coil in series with 
the supply and a shunt circuit to pass current through the semi¬ 
conductor unit. 

This arrangement is particularly suitable for heavy-current 
busbars and avoids the use of a current transformer. 

For lower-current circuits at power or audio frequencies the 
instrument may be set up either as shown in Fig. 9 or as in Fig. 10. 
In the first case the magnetic flux is provided by a coil with a 
laminated iron core, connected in series with a condenser Co 
across the power-supply terminals. The magnetic flux is brought 
into phase with the supply voltage V by adjustment of Cq whilst 
the semi-conductor current is made proportional to the main 
circuit current I. The other arrangement in Fig. 10 interchanges 
the functions of the shunt and series circuits of the instrument. 
An inductance Lq or its equivalent is then generally necessary to 
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establish the correct phase relationship between B and The 
phasing of the flux and current in the semi-conductor is par¬ 
ticularly important when accurate measurements of power at 
low power factors are required, and the arrangement is con¬ 
veniently set up by adjustment to give zero mean value of the 
Hall e.m.f. on a purely capacitive load. 

An instrument designed to work in a 230-volt 50-c/s a.c. 
circuit, using the scheme shovra in Fig. 9, with, a series resistor 
of 1 ohm to provide the current through a germanium crystal of 
dimensions 0-4 cm x 0-2 cm x 0-1 cm, gave a sensitivity of 
about 100 |iiV/W with a linear scale and an accuracy at least 
comparable with the corresponding substandard dynamometer 
instrument. The capacitance of the condenser Cq was adjusted 
so that the current through the magnetizing coil was advanced 
in phase by a small angle relative to the line voltage and suffi¬ 
ciently to bring the flux of the coil into step with that voltage. 
To avoid errors the laminated iron core must not be allowed 
to saturate and any residual rectifier output should always be 
negligible compared with the mean value of the Hall e.m.f. 
With an inductive-reactance load in which magnetic saturation 
takes place the current waveform becomes severely peaked, and 
in such circumstances particular care must be taken to ensure 
that the maximum voltage applied to the crystal is not suflflcient 
to produce a significant rectified current output at the Hall 
contacts. 

For the power flow along a coaxial line or cable, the arrange- 



Fig. 11.—Coaxial line with semi-conductor unit mounted between 
inner and outer conductors. 

ment shown in Fig. 11 may be employed and the magnetic flux 
can then be increased, for a given field strength, by the use of 
concentric wires or rings of high-permeability materials following 
the flux path outside the semi-conductor. 

(4.2) Arrangements for High-Frequency Currents 

Coaxial lines are often used at high frequencies, and to make 
the device (Fig. 11) applicable in such circumstances it is 
important to give special attention to matching the impedance 
of the instrument to the characteristic impedance of the line and 
to ensuring that the leads brought out for measuring the Hall 
electromotive force are properly disposed in relation to the 
electromagnetic field. By choosing a semi-conductor of suitable 
olomic resistance and by employing the usual reactance matching 
arrangements such as pistons, tuning screws and diaphragms, 
impedance discontinuities due to the presence of the semi¬ 
conductor, with the leads to it, can be substantially eliminated. 

At high frequencies, capacitance connections at opposite sides 
of the semi-conductor to the inner and outer conductors of the 
coaxial line are appropriate, and this arrangement enables a 
number of semi-conductor units to be connected in cascade, 
adding together their Hall electromotive forces whilst cancelling 
out residual rectifier effects. The capacitance connection to the 
semi-conductor also enables phasing adjustments to be made. 
When a number of semi-conductor units are used in cascade 
these can conveniently be arranged radially, in a given trans¬ 
verse plane, around the centre conductor of the coaxial line as 


Semi-conductor 



Fig. 12.—Coaxial line with a number of semi-conductor units in 
cascade and arranged radially around the centre conductor. 

shown in Fig. 12. The leads to the Hall connections should, 
so far as possible, always be perpendicular to the electric field. 
In a coaxial line this is difficult to achieve with the terminal leads 
to the instrument measuring the Hall electromotive force, and 
in such cases at high frequencies it is satisfactory to space the 
leads, where parallel with the electric field, by a quarter of the 
associated guide wavelength. 

Although there are some materials, such as Rhometal, having 
a relative permeability considerably greater than unity at fre¬ 
quencies as high as 3 000 Mc/s, the use of such materials at these 
frequencies to increase the magnetic flux penetrating the semi¬ 
conductor tends to introduce losses and to present phasing 
problems. Thus it is usually preferable to employ other means 
of obtaining the same result. 

It is well known that a change in the transverse dimensions of 
a transmission line brings about a change in the characteristic 
impedance of the line, and for a given power flow this will enable 
the magnetic field at certain points to be strengthened at the 
expense of the electric field. In the case of a coaxial line there 
is also the fact that the magnetic field is strongest next to the 
centre conductor. If, therefore, a coaxial line is constricted over 
a length of half a guide wavelength as shown in Fig. 13, and the 


Constricte.d section 
of coaxial line 



Fig. 13. —Coaxial line with semi-conductor unit mounted at the centre 
of a constricted section, a half wavelength long. 

semi-conductor placed at the mid-point of this constricted length 
in close proximity to the centre conductor, greater sensitivity can 
be achieved without impedance mismatch. 

A line of this kind was constructed to investigate the per¬ 
formance of a germanium crystal applied to the measurement 
of power at 300 Mc/s, and to compare its behaviour at 50 c/s. 
For convenience the outer conductor of the coaxial line was 
made to have the same internal diameter of 1-48 in throughout 
its length of 6 ft, whilst the inner conductor changed from 
0*0625 in outside diameter to 1-12 in outside diameter over a 
length of 21 • 7 in. A germanium crystal measuring 0 • 5 cm 
X 0* 3 cm X 0* 1 cm was mounted at the centre of the constricted 
section and arrangements were made to pass power along the line 
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in either direction whilst maintaining a matched load at the output 
end. A probe connected to an independent rectifying crystal and 
galvanometer was also placed at the centre of the constricted 
length of line so that the electric field strength at that point could 
be measured. Care was taken to provide complete electric 
screening of the measuring circuits to prevent spurious distur¬ 
bances. The rectifier action of the germanium crystal used was 
not negligible, and the experiments were therefore made with a 
constant voltage across the crystal whilst observing the change 
in the deflection of the galvanometer connected to the Hall 
contacts when the power was interrupted. Thus with a matched 
load, a power of about 10 watts was first allowed to pass along 
the line and then stopped by short-circuiting the output end, 
without change of voltage across the germanium crystal. T his 
condition was established by the use of matching plungers. A 
dhect comparison was in this way obtained between the Hall 
galvanometer readings for a travelling wave and a standing 
wave. The measurement cannot be regarded as a precise 
quantitative one because no facilities were available for evaluating 
independently the high-frequency power absorbed in the lamp 
load except by a rough visual assessment of the temperature of 
the filament, but the observations did show a mean Hall e.m.f. 
at 300 Mc/s of about 3 /rV/W, and for opposite directions of 
power the galvanometer reading was reversed. Moreover, when 
the experiment was repeated at 50 c/s much the same result was 
obtained and the sign of the galvanometer deflection agreed for 
a given direction of power with the high-frequency measurement. 

(4.3) Arrangements for Microwaves 

Power flow along the inside of a hollow metal waveguide or 
along a dielectric guide at ultra-high frequencies can also be 
measured by applying essentially the same principles. Taking, 
for example, a metal waveguide of rectangular cross-section 
supporting an Hqi wave mode as shown in Fig. 14, it is clear 



Fig. 14. Rectangular waveguide supporting an Hqi wave mode with 
semi-conductor unit mounted at a point on the axis. 

that this arrangement conforms to the basic requirements. The 
electric field E is entirely transverse and can be made responsible 
for the current 4 through the semi-conductor, whilst the trans¬ 
verse component of the magnetic field cuts the semi-conductor 
at right angles. The leads to the HaU contacts are brought out 
perpendicular with the electric field in the guide, and the usual 
imped^ce-matching devices are employed. If required, a stack 
of semi-conductor units, placed in a given transverse plane near 
the axis of the guide, can be connected in cascade to build up 
the HaU e.m.f. for a given power. 

With microwpes, advantage can be taken of the cut-oflf 
phenomenon to increase the magnetic field relative to the electric 
field. It is weU known that a hollow metal waveguide of 
rectangular cross-section, whose larger dimension d is less thari 
half a wavelength, ceases to transmit the usual traveUing wave 
and the field in the guide becomes evanescent. The input 


impedance of a guide operated below cut-off is highly reactive 
and most of the incident power is reflected at input back to the 
source. In general, such a guide only transmits power in 
virtue of a reflected field from the far end of the constricted 
section, but if both ends are matched by tuning screws and/or 
diaphragms, so as to cancel out the terminal reactances, then 
the incident and reflected evanescent fields are built up to permit 
the whole of the power, apart from losses in the guide, to pass 
through. In these circumstances the electric field in the evanes¬ 
cent section of the guide is very small and the magnetic field is 
correspondingly large. Consequently, the conditions in the con¬ 
stricted guide are particularly suitable for the measurement of 
power passing through it, using the Hall effect in a semi¬ 
conductor. The arrangement is shown in Fig. 15, where both 
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Fig. 15.— -Rectangular waveguide supporting an Hqi wave mode with 
semi-conductor unit mounted at the centre of a constricted 
section having impedance matching at input and output. 

diaphragms and tuning screws are employed for matching. In 
this case also a stack of semi-conductor units comiected in 
cascade can be used to increase the sensitivity and nullify residual 
rectifier effects. The length of the constricted section of guide 
should preferably only be sufficient to provide satisfactorily for 
the mounting of the semi-conductor in the evanescent field. If 
desired, the whole area of the constricted section of guide can 
be filled with a single piece of semi-conductor; the power flow 
is then directly calculable from the dimensions and physical 
constants of the material used. 

In the case of «-type germanium having a resistivity of 
50 ohm-cm and a permittivity of 16, the skin depth at 3 000 Mc/s 
is about 0-65 cm. 

No experimental information appears to be available at 
present about the Hall effect at micro-wavelengths, and equip¬ 
ment is now being set up to investigate the behaviour of a 
germanium crystal for the measurement of power in a hollow 
metal waveguide according to the plan shown in Fig. 15. At 
the suggestion of Dr. A. L. Cullen it is proposed independently 
to attempt to observe the slight elliptical polarization of the 
electric field which should arise from the Hall effect when a 
linearly polarized wave is incident on a germanium crystal in 
the presence of a steady magnetic field along the direction of 
propagation of the wave. 

(5) CONCLUSIONS 

The Hall e.m.f. employed to measure power in the way 
described is necessarily small, and consequently it can be easily 
disturbed by any residual rectifier action arising in the circuit. 
This is probably the most difficult single problem that the 
present development presents. It is not a new one, and already 
much progress has been made towards a satisfactory solution, 
but it is probably the most serious limiting factor in the success 
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of a particular application. In general, the best plan is to take 
every possible step towards strengthening the magnetic flux and 
reducing the electric field for a given condition of operation. 
The final adjustment to eliminate residual rectifier action can 
then be made by some form of compensating circuit. Other 
sources of possible inaccuracy do not appear to present serious 
difficulty under ordinary working conditions. 

At low frequencies when high-permeability materials are 
available to strengthen the magnetic flux, the practicability of 
the method has been established. The application at high fre¬ 
quencies has been demonstrated qualitatively, but there is clearly 
much work still to be done in the design of a practical instrument 
on this principle. Should that prove possible there is the pros¬ 
pect of a wattmeter which can be calibrated at 50 c/s and used if 
desired at very high frequencies. This is the more important 
because, at the upper end of the frequency spectrum, power 
becomes one of the most significant quantities in electrical 
measurement and devices at present available for that purpose 
are by no means ideal. 
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SUMMARY 

The wattmeters described may be regarded as typical instruments, 
and depend for their operation upon measurements of the Hall e.m.f. 
produced by a germanium crystal when placed in a magnetic field. 
The crystal carries a definite fraction of the load current and the 
magnetic field is made proportional to the supply voltage. The power- 
frequency instrument for use up to 150 c/s incorporates an iron-core 
magnetizing coil, while the audio-frequency design, capable of opera¬ 
tion up to 20k;c/s, employs only air cores and includes careful screening 
arrangements. Experience has shown that high-permeability materials 
must be avoided for precision measurements of power by this means, 
except over a comparatively narrow frequency band. The audio¬ 
frequency instrument, which gives about 2 cm deflection for 50 mW, 
is shown to read 3 • 4 % low at 15kc/s and 5*3% low at 20kc/s. 


LIST OF PRINCIPAL SYMBOLS 

V — Hall e.m.f. 

^ = Hall coefficient. 

= Current through semi-conductor element. 

B = Flux density applied to the semi-conductor element. 
t = Thickness of semi-conductor element. 
x,y,z = Cartesian co-ordinate axes. 

= Inductance and resistance respectively of mag¬ 
netizing coil. 

jRj = Series resistance in load circuit. 

LijRi, = Inductance and resistance respectively of com¬ 
pensating coil. 

= Swamping resistance in series with magnetizing 
coil. 

R^ = Resistance for adjusting electrical balance of 
crystal. 

V = Supply voltage. 

I = Load current. 

Rf = Feedback resistance in galvanometer amplifier 
circuit. 

<j} = Phase angle of load. 

6 = Angle of lag of flux behind supply voltage. 
i/f = Angle of lag of semi-conductor current behind load 
current. 

A = Constant. 
cc. = (d — ijj). 

P = Mean power. 

Hq and n^. — Percentage errors. 

(1) INTRODUCTION 

In a recent paper^ the application of the Hall effect in a semi¬ 
conductor to the measurement of power in an electromagnetic 
field was described in principle. Instruments based on this idea 
have since been designed for use at frequencies up to 20 kc/s, 
and details of this development are now given, together with 
typical performance characteristics. 

Dr. Barlow is Pender Professor of Electrical Engineering at University College, 
London. 


(2) BASIC PRINCIPLES AND GENERAL CONSIDERATIONS 
AFFECTING THE APPLICATION 

A conductor, or preferably a semi-conductor element as 
shown in Fig. 1, erected in an electromagnetic field, produces a 
Hall e.m.f. at any instant along the A:-axis given by 



If the current through the element and the applied flux 
density B are made instantaneously proportional, one to the 





Fig. 1.—Semi-conductor element. 

The positive and negative signs refer to the polarity of the Hall e.m.f. for mobile 
negative carriers. 

electric and the other to the magnetic component of the electro¬ 
magnetic field, the power will be proportional to the instantaneous 
HaU e.m.f. 

Attention has previously been drawn to the desirability of 
operating the semi-conductor element in this application with 
the strongest possible magnetic field for a given power transmitted; 
this helps to ensure that residual rectifier effects arising from the 
element are relatively negligible. 

At frequencies up to and including the audio band it is con¬ 
venient to use coils as a means of strengthening the magnetic 
field. Shunt and series circuits through the instrument are 
employed much in the same way as in the conventional types of 
wattmeter, and the problems of design are very similar, for 
example, to those of the dynamometer instrument. For low 
frequencies (below about 150 c/s) high-permeabUity materials 
can sometimes with advantage be introduced to reduce the 
reluctance of the magnetic circuit of the magnetizing coil, but 
at audio frequencies the waveform distortion that inevitably 
arises from the use of such materials prohibits their application 
in this way. Indeed, at the lowest frequencies great care must 
be taken to avoid any approach to saturation of the core materials, 
since flux-wave distortion can be a source of serious error, 
particularly when dealing with low-power-factor loads. 

The magnetizing-coil circuit should preferably carry a shunt 
current, because the conditions in this circuit are then determined 
by the design of the instrument and are independent of the load. 
With a series magnetizing coil any flux distortion can be greatly 
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magnified by a capacitive load. The basic circuit of the instru¬ 
ment is shown in Fig. 2. The shunt magnetizing coil LqRq 
producing the flux B in which the semi-conductor element is 


-To screen 



Fig. 2.—Circuit of the semi-conductor wattmeter. 

The screen is used only in the a.f. instrument. 

LqRo = Magnetizing coil. 

Ra, = Swamping resistor. 

immersed has a large swamping resistor Ra in series with it, so 
that at the highest frequency employed the impedance of this 
circuit does not increase significantly. A series resistor Rg in 
the load circuit provides a voltage to drive a small current 
through the semi-conductor element by way of the compensating 
inductance This compensating inductance is employed 

to bring 4 into phase with R on a pure resistive load. 

The semi-conductor element is an /z-type germanium crystal 
of approximate dimensions 0*3cm X 0*25cm x 0*03cm, to 
which four wires are soldered forming a balanced-bridge net¬ 
work within the crystal. Semi-conductors in a circuit tend to 
introduce rectification, and it is most important that any effects 
of this kind should be eliminated so far as possible, because they 
produce an output at the Hall contacts in the absence of any 
externally applied magnetic field. The crystal as a bridge circuit 
should therefore be balanced to alternating as well as to direct 
currents. The crystal is best made up by soldering wires to it 
as symmetrically as possible and then, while alternating and 
direct currents are alternately passed through it, filing the 
soldered cormections with a piece of carborundum until the 
nearest approach to electrical balance is achieved. When the 
crystal is in operation for power measurement the final adjust¬ 
ment can then be made by a variable resistance R^ across one 
arm of the crystal bridge circuit. It is desirable to set this 
resistance for zero output from the Hall contacts of the crystal 
when the current through the magnetizing coil is temporarily 
interrupted. 

(3) CRITERIA GOVERNING DESIGN 

It is necessary in the first place to ensure that the shunt current 
and the voltage drop in the instrument do not seriously disturb 
the conditions in the circuit under examination. This becomes a 
more difficult requirement to meet as the level of power to be 
measured decreases. Secondly, the shunt current must not 
change significantly in amplitude for a given applied voltage 
over the whole of the frequency range for which operation is 
required. Neglecting stray capacitances, it is easy to show that 
the percentage increase in the modulus of the impedance of the 
magnetizing-coil circuit over its zero-frequency value is given by 

50^—per cent 
\Rq + rJ ^ 

and if, at the highest frequency of operation, to, the increase in 
impedance is limited to 1 %, we have 

(^^^")= 7*07 . ... . ( 1 ) 

At the upper end of the audio-frequency scale stray capacitances 
may become important and screening arrangements are necessary. 


The change in phase of the magnetizing current and of the flux 
produced by it can readily be compensated by providing a 
circuit for the crystal current of similar impedance charac¬ 
teristic. Thus, on the assumption that 4 < 4 the resistance/induc- 
tance ratio of the crystal circuit must be the same as that of the 
magnetizing cod circuit, and we have 

+ R* __ Ra + Rq 

-- - - - , . , . • 

The inclusion of R^R^, in the crystal circuit for the purpose of 
phasing 4 correctly adds to the impedance of this circuit, and 
therefore only relatively small adjustments by this means are 
permissible. A 1% change in impedance of the magnetizing- 
coil circuit corresponds to a 1 % change m the impedance of 
the crystal circuit when correct phasing has been achieved. 

It is generally desirable to use small crystals, because this 
reduces, not only the requisite core area of the magnetizing 
coil and consequently its inductance, but also the internal 
resistance R^ of the crystal itself, enabling sufficient current 4 
to flow with a relatively small resistance in the load circuit. 

(4) MEASUREMENT OF THE HALL E.M.F. 

The true mean value of the Hall e.m.f., as a measure of the 
power in the load circuit, is necessarily small in most applications. 
Over the 50 c/s frequency range the use of a magnetizing coil 
with a high-permeability core enables an ordinary moving-coil 
instrument to be employed to record the Hall e.m.f., but in the 
audio band, when air-core magnetizing coils are necessary, a 
galvanometer amplifier of some kind must be introduced. In 
such circumstances the sensitivity of the device is generally of 
the order of a few microvolts per watt, and a very convenient 
instrument for measuring these small Hall e.m.f.’s is that devised 
by Hill,^ incorporating a differentially operated photo-voltaic 
cell with a series feedback resistance Ry, as shown in Fig. 3. The 



Fig. 3.—^Photocell-amplifier unit for measurement of Hall e.m.f. 

Rf = Feedback resistor. 

-Metal screen. 


resistance of the crystal wherein the Hall e.m.f. is generated is 
of the order of 1000 ohms, and the input resistance of the 
instrument measuring this e.m.f. should be considerably higher 
t h an that figure if the voltage drop in the crystal is to be relatively 
insignificant. At the same time, with such resistances the 
measuring instrument will be subject to heavy electrical damping, 
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and a compromise must therefore be made. The conditions are, 
in fact, very similar to those of the thermocouple instrument for 
the measurement of current. 

When the selenium-photocell galvanometer amplifier (Fig. 3) 
is being set up arrangements are made for light reflected from 
the mirror of the first galvanometer, Gj, to be incident on the cell 
so that an output is obtained only when the light beam is dis¬ 
placed from its mid-position. In those circumstances the 
second galvanometer, G 2 , is deflected while feeding back current 
through Rf, thereby mcreasing the effective impedance at the 
input terminals. To avoid disturbance due to mechanical 
vibrations the galvanometer Gj should be of the balanced type 
developed by Downing.^ When the resistance of each galvano¬ 
meter was 450 ohms and Rf was 95 ohms, the input impedance 
of the apparatus was found to be 34 kilohms, and its calibration 
curve is sho’vn in Fig. 4. 
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Fig. 4.—Calibration curve of galvanometer amplifier. 

Effective input resistance = 34 kilohms. 

Resistance of Gi and G 2 = 450 ohms. 

Shunt across Ga = 10 kilohms. 

Rf = 95 ohms. 


(5) PHASE-ANGLE ERRORS 

Suppose that the supply voltage V is given hy V = Vq sin (ot 
and the load-circuit current hy I = Iq sin (ojf -f cf}). 

The corresponding flux density produced by the magnetizing 
coil can be expressed as 

R = 5o sin (ojt — 0) = Ai Vq sin (a>t — $) 

and the current 4 through the crystal as 

== 4 sin (cut -h </> — — A 2 I 0 sin (cot + ^ — i/r) 

We then have the true mean value of the Hall e.m.f. as 

V — Mean (A^BQ = [cos cos (d — ijj) — sin ^ sin (6 — ifi)] 

A TJ' T 

or V = —^ cos (</> + a).(3) 

The power in the load circuit, neglecting the loss in Rg is 

P = Mean (VI) = ^ cos 9 . . . . (4) 

From eqns. (3) and (4) it is clear that when a = 0, i.e, iff = 6, 
then V — AP, so that the Hall e.m.f. is directly proportional to 
the power. For a finite positive value of a with (f) = 0, i.e. a 
purely resistive load, the value of v is slightly smaller than it 
should be and the instrument reads low; with ^ = +90% i.e. 
a purely capacitive load, the instrument reads negative instead of 
zero, and with <f> = — 90°, i.e. a purely inductive load, the 
instrument reads positive uastead of zero. 


In general 


V 


S = A [cos a — tan (f) sin a] 

Jr 


from which we find 



cos a tan cf)] 


Since a is in any case very small, we get 

+ .... (5) 

For a resistive load 0 ~ 0 and dlda,(vjP) ~ — Aa., which is 
small. Thus, m this case small phase-angle errors do not 
seriously affect the accuracy of the instrument. 

For a capacitive or inductive load ^ ~ ± 90° and dJda(vlP) ~ 
— A tan (/>. Comparatively large errors may therefore arise 
with loads of low power factor when tan </> is large. The adjust¬ 
ment for correct phasing is conveniently made on a purely 
capacitive load. 

High-permeability materials in the core of the magnetizing 
coil tend to increase 6, as does the self-capacitance of the winding. 
These factors must be taken into account when adjusting to 
make iff = d. 


(6) PERCENTAGE ERROR IN POWER MEASUREMENT DUE 
TO INCREASE OF IMPEDANCE WITH FREQUENCY OF 
MAGNETIZING COIL AND OF CRYSTAL CIRCUITS 

Suppose that at the highest frequency / for which the instru¬ 
ment is designed the current Iq falls by «o% and the current 4 
falls by n^/o, owing in each case to the increased impedance of 
the circuit concerned over its d.c. value. The reading of the 
instrument at/will be proportional to 



neglecting the second-order term. 

Hence the percentage error in the power measurement arising 
in this way is —(rq + n^). Thus, if = «o — 1 %» we should 
expect the instrument to read 2% low at the highest frequency. 
An allowance can be made in the usual way for the power 
consumed by the instrument itself. 


(7) DETAILS OF DESIGN OF A WATTMETER FOR USE UP 

TO 150 C/S 

The instrument was designed for application in a 230-volt 
circuit. The magnetizing coil with its core of Stalloy stampings 
is shown in Fig. 5(a). The 2-section winding connected in 
series gave = 0-7H and i?o = 317 ohm, and had an air-gap 
about 0-05 cm long, housing the germanium crystal. A 
swamping resistance, of 13-5 kilohms was included in the 
magnetizing-coil circuit, giving the upper value of the current 
Iq ci VI(Rq + Ra) == 16-66n3A, and-an increase of impedance 
at/= 150c/s of 50[mLo/(Ro + = 0-12%. 

The crystal resistance, was 1 030 ohms, and proper phase 
compensation was found to be obtained experimentally with 
== 51 • 5mH and =4*5 ohms, using a closed Mumetal-core 

chokmg coil as shown in Fig. 5(h). Eqn. (2) yields = 52 • 3 mH. 
For adjustment of electrical balance of the crystal, 7?^ = 
32 kilohms. 

The voltage across a crystal of the size employed in this 
apphcation should not exceed about one or two volts, and R^ 
is chosen accordingly for the particular upper limit of load 
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Mumetal core Four coils 



ib) 

Fig. 5.—^Arrangements for use up to 150 c/s. 

(a) Magnetic circuit and crystal; each coil has 3 000 turns of 41S.W.G. wire, 

giving Lo = 0'7H and Rq = 317ohms. . . . 

(b) Compensating inductance; each coil has 320 turns of 24S.W.G. wire, giving 
Lb = 51mH and jRj = 4'5ohms. 

current. Thus, for load currents up to lamp, if is lohm 
the maximum power dissipation in the crystal is rather less than 
ImW. At the same time, the power consumed by the mag- 
netizing-coil circuit is about 3-8 watts, so that with a purely 
resistive load taking lamp the power consumed in the instru¬ 
ment is 1-65%, a figure that compares not unfavourably with 
many dynamometer instruments. 

In recording the true mean value of the Hall e.m.f. as a measure 
of power, it is convenient to use a unipivot moving-coil 
instrument. Such an instrument, having a resistance of 879 ohms, 
gave indications of power as shown in the calibration curve 
Fig. 6(a). Allowing for the voltage drop in the internal 
resistance of the crystal. Hall e.m.f.’s of 90^V/watt were obtained 
with this arrangement. 

At lOOc/s the instrument was found to read 3-4% low and 
at the highest frequency of 150 c/s the error rose to 7% [see 
Fig. 6(Z))]. These figures are very much higher than would be 
expected from calculations based on the considerations already 
discussed, and the reason for this divergence was found to be the 


combined effect of the high-permeability cores of the magnetizing 
coil and of the balancing inductance in distorting the flux wave¬ 
form. The instrument described in the next Section illustrates 
what can be achieved using air-core coils, and the results 
emphasize the importance of adopting this arrangement when 
high precision is required over a wide range of frequencies. In 
any case, the effective increase in Hall e.m.f. per watt as a result 
of using the high-permeability cores is only about 2:1. 




Fig. 6.—Characteristics of power-frequency wattmeter. 

(c) Calibration. 

(b) Frequency/error. 


(8) DETAILS OF DESIGN OF AN A.F. WATTMETER FOR USE 

UP TO 20KC/S 

At audio frequencies up to 20kc/s two important additional 
considerations arise, namely the need to use an air-core mag¬ 
netizing coil of low self-capacitance and the provision of effective 
screening. The design of the instrument was based on its 
application to the measurement of about 1 watt in a circuit 
having not more than 20 volts across the terminals. The air- 
core magnetizing coU was represented by a wmding with 10 
sections in series giving a total Lq of 29 ■ 8 mH and Rq of 665 ohms, 
the crystal being mounted at the centre of the core, as shown in 
Fig. 1(a). This unit was enclosed in a metal box [see Fig. 7(b)] 
which was itself housed, with the other circuit components, 
inside another larger screening box, as shown in Fig. 7(c). Non- 
inductive wire-wound resistors were used throughout, and a 
switch S with a thermocouple for current measurement were 
included in the magnetizing-coil circuit. The swamping resistance 
R^ was 21kilohms, so that the increase in impedance of this, 
circuit at 20kc/s amounted to 1-5% and the current did not 
exceed about 0 • 92mA. 

The crystal resistance R^ was 1 100 ohms, and phase com¬ 
pensation was obtained with = 1 • 52 mH and = 14 ohms— 
values which agree very closely with calculation. The com¬ 
pensating inductance was a small air-core coil included in the 
inner screen box with the crystal unit. The performance of the 
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Leads to 





(c) 

Fig. 7.—^An a,f. wattmeter for use up to 20kc/s. 

(a) Magnetizing coil; each slot contains 300 turns of No. 47S.W.G. wire; the 

crystal is of n-type germanium, and .Rc =1 100 ohms. 

(b) Magttetizing-coil and crystal assembly; Z,o = 29 • 8 mH and i?o — ontns* 

(c) Screen assembly and components. 


device was examined using either a non-inductive load resistance 
of 590 ohms or a 0-02 fjF capacitor, both of which were 
completely screened. 

Thus, with a voltage of 20 volts applied to the purely resistive- 
load circuit, / was 33 •9mA and the power consumed was about 
0• 68 watt. With R^ = 9-92 ohms the voltage drop in the instru¬ 
ment did not exceed 0-34 volt, or 1 -7% of the supply voltage, 
and the shunt magnetizing current was 2 • 7 % of the load current. 
A photocell galvanometer amplifier (Fig. 3) was used to measure 
the Hall e.m.f., and the calibration curve for the equipment as a 
whole is shown in Fig. 8(a), with percentage errors over the 
frequency range up to 20kc/s in Fig. 8(6). These errors are 
higher than the calculated values, but are of the same order. 




Fig. 8.—Characteristics of a.f. wattmeter, 

(a) Calibration. 

(b) Frequency/error. 


To reduce the effect of stray capacitances in the circuit of the 
instrument it was found necessary to connect to the screen one 
side of the input to the crystal. This ensured that no point on 
the local crystal circuit, galvanometer amplifier or magnetizing 
coil was far removed from the screen potential. It must be 
remembered that there is a pronounced second harmonic of the 
supply frequency in the output from the crystal when power is 
being measured, and while capacitance between the two con¬ 
ductors connected to the Hall contacts is of no great consequence, 
stray capacitance between each of these conductors and the 
screen may be important, particularly if it produces unsym- 
metrical loading of the crystal. The resistance of the crystal 
itself was 1100 ohms when was 32 kilohms, and since a 




POWER-FREQUENCY AND AUDIO-FREQUENCY APPLICATIONS 


capacitance of 0 • 0005 jjF has an impedance of 8 kilohms at 
40kc/s (twice the upper limit of the supply frequency), it is 
clearly important to reduce to a minimum the capacitance 
between the screen and the galvanometer amplifier leads and to 
balance the residual capacitances of this kind so far as possible. 

The operating currents of the galvanometer amplifier are 
necessarily small, and a good standard of insulation is therefore 
required to avoid leakage. Coating the various parts of the 
apparatus with shellac was helpful in this respect. 

When a measurement was being made with this semi-conductor 
wattmeter it was found desirable, before taking a reading, to 
interrupt the magnetizing current with the switch S and to 
check that any rectifier effect of the crystal was properly balanced 
out by adjustment of R^. Alternatively, the change in the 
galvanometer-amplifier reading when the switch S was closed 
could be used as a measure of the power. 

(9) CONCLUSIONS 

The wattmeter instruments described in the paper offer certain 
advantages over other types, while at the same time they suffer 
from some features that compare unfavourably. The small 
Hall e.m.f.’s generated when it is required to measure a few 
watts of power is a distinct handicap, but for heavy-current 
systems where kilowatts are involved the problem does not arise. 
Thus the power output of a large star-connected 3-phase trans¬ 
former could readily be measured by bringing out the three 
neutral conductors before linking them together, and using one 
to generate the magnetic field required for the crystal while a 
small shunt current was passed through the crystal itself. A 
reverse power relay could also be constructed on the same 
principle. As wattmeters, the instruments employing air-core 


magnetizing coils with phase compensation are capable of a 
high degree of accuracy at any power factor and any frequency 
within the range for which they are designed. The power can be 
recorded remotely, if desired, because the measurement of the 
Hall e.m.f. is quite independent of the rest of the instrument. The 
wattmeter also has the advantage of giving a linear scale of 
power. The dissipation in the crystal is so small that no difficulty 
has arisen from heating effects, and no significant ageing of 
crystals has been observed. Disturbances due to eddy currents 
induced in the crystal also appear to be negligible. 
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SUMMARY 

D 3 mamometer wattmeters can be designed and constructed for the 
measurement of power at frequencies up to about 20kc/s. The 
achievement of an accuracy at the higher audio frequencies comparable 
to that which is possible at power frequencies is dependent first upon 
certain precautions being taken with regard to the screening of the 
toad and the wattmeter, and secondly upon the possibility of an 
accurate determination of the frequency-dependent errors of the 
wattmeter. 

The screening necessary is described, and an account is given of the 
methods adopted at the N.P.L. to calibrate wattmeters. 

For any dynamometer a frequency is eventually reached at which 
a significant instrument deflection is obtained with voltage only or 
current only applied to the terminals. This is considered to be the 
useful upper limit of frequency for that instrument. 


LIST OF PRINCIPAL SYMBOLS 
= Electromagnetic torque of dynamometer. 

= Deflection of wattmeter index, 

= Power indicated by wattmeter. 

= Power consumed in load. 

= Frequency, c/s. 

= Voltage between load terminals. 

= Voltage between load screen and the load line not 
containing the wattmeter current-coil. 

= Fixed-coil current. 

= Moving-coil current. 

= Current from load screen or inner load screen to 
earth. 

= Load current. 

= Fixed-coil resistance on direct current. 

: Fixed-coil resistance on alternating current. 

: Moving-coil resistance on direct current. 

: Moving-coil resistance on alternating current. 

= Series resistance of wattmeter voltage circuit. 

-- R'^ + 

■- Load resistance. 

: Two parts of load resistance. 

= Two parts of load reactance. 

= Fixed-coil inductance on alternating current. 

: Moving-coil inductance on alternating current. 

= Mutual inductance between fixed and moving 
coils. 

: Mutual inductance used to provide voltage 
between quadrants in zero-power-factor test. 
Self-capacitance of fixed coils. 

Self-capacitance of moving coil. , 

Self-capacitance of series resistor, including any 
added capacitance. 

= Effective capacitance to earth from mid-point of 
series resistor, including any added capacitance. 

: Magnetic flux produced by If. 

■ Phase angle between V and /. 


R 

R^ and Rq 
and Xg 


The paper is an official communication from the National Physical Laboratory. 


Various coefficients are defined as they are introduced. 
Currents and voltages are generally assumed to vary sinu¬ 
soidally with time and the dot notation is employed, thus 
V.1 — Vicos (/>. 

(1) INTRODUCTION 

The use of portable dynamometer wattmeters for measuring 
power on direct or alternating current at frequencies from about 
20 to 100 c/s, usually known as power frequencies, is well 
established. An accuracy of 1% of the indication may be 
achieved without difficulty over a large part of the range of a 
good instrument, the only correction necessary being for the 
power dissipated in the fixed coils or in the moving coil and 
series resistor, according to the method of connecting the watt¬ 
meter into the circuit. A somewhat better accuracy may be 
obtained if corrections are made for instrument errors, while 
still better accuracy is possible with sensitive instruments of a 
semi-portable type. 

The instrument error on direct current may be determined 
with the aid of a potentiometer and auxiliary equipment. Addi¬ 
tional tests on alternating current must then be made to deter¬ 
mine the d.c./a.c. sensitivity ratio and the power-factor error. 
An alternative procedure is adopted at the N.P.L. of carrying 
out the full tests on alternating current and, if required, the 
d.c./a.c. sensitivity is determined by means of an additional d.c. 
test. The a.c. tests are usually made by comparing the indica¬ 
tion of the test instrument with that of a standard wattmeter, 
using the “artificial load” method, although this is sometimes 
supplemented by real-load tests. At power frequencies the cor¬ 
rections determined from an artificial-load test are applicable 
when the wattmeter is used for real-load measurements. This 
may not always be the case at audio frequencies. 

The sensitivity of the dynamometer is not decreased when the 
frequency is increased, although the impedance of the current 
circuit is increased, as also are the instrument errors—especially 
the power-factor error. There is an increasing use of these 
instruments in the audio-frequency range, and it has to be 
considered whether by a proper design, or by a careful deter¬ 
mination of errors, it is possible to achieve accuracy comparable 
to that at power frequencies. No change in measurement 
technique is usually necessary up to a frequency of 1 kc/s, but 
in the upper audio-frequency range errors from stray-capacitance 
currents may become significant, and screening of the wattmeter 
and the load may become necessary, A correction may be 
applied for the power-factor error or compensating circuits may 
be introduced to reduce it to a negligible value. In either case, 
the effect is to bring into prominence other frequency-dependent 
errors, which are normally small compared to the power-factor 
error. 

The electrical errors of a wattmeter may be analysed into four 
types as follows; 

Eqn. (1) gives the electromagnetic torque, T, of a dynamo¬ 
meter for a current in the moving coil and a magnetic flux O 
produced by the current If in the fixed coils. 

T=m.lJ^ .( 1 ) 
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iT is a constant and dMJdd is the differential coefficient of the 
mutual inductance, M, between the fixed and moving coils with 
respect to deflection, 0, <D is primarily dependent on the load 
current, I, but may also be dependent to a small extent on the 
load voltage, V. 4? is primarily dependent on the load voltage, 
but may also be dependent to a small extent on the load current. 

We therefore write 

O =/(^-f + F(a+;Z j) .... (2) 

4 = F(C +;•£>) + l{c +jd) . . . . (3) 

where the coefficients A, a, etc., are all frequency-dependent. 

Eqn. (4) may then be written down for O . 4, where cj) is the 
angle between the vectors V and I, and or VI cos is the 
load power. 

O . 4 - (^C + .BZ) + flc + bd)Pj_ 

+ (BC — AD — be A- ad) VI sin (j) 

+ (aC + bD)V^ + (Ac-A Bd)l^ . . (4) 

In addition to the electromagnetic torque, there may be a 
small electrostatic torque which may be similarly resolved. 
Eqn. (5) may be written down for the wattmeter indication, 
where the coefficients combine the effects of both electro¬ 
magnetic and electrostatic torques 

= kiPi^ -f 4 VI sin -A A- k^I'^ . (5) 

The proper calibration of a wattmeter consists of the deter¬ 
mination of the coefficients k^, 4> k^ and k^ for all frequencies, 
deflections and other conditions which are relevant. 

The coefficient /cj depends on the error at unity power-factor. 
The coefficient 4 depends on the power-factor en*or, and at 
power frequencies may usually be represented by one or two 
values for each frequency. The coefficient k-^ at power fre¬ 
quencies is either zero or equal to the conductance of the voltage 
circuit, according to the method of wattmeter connection, while 
the coefficient 4 is similarly either zero or equal to the resistance 
of the current circuit. 

This simplicity is not maintained as the frequency is raised. 
The coefficients /cg and k^ are then affected significantly by the 
inductances, capacitances and eddy currents associated with the 
wattmeter and also by the mutual inductance between the fixed 
and moving coils. The mutual inductance varies with instru¬ 
ment deflection and a corresponding variation in the coefficients 
k'^ and k^ occurs. Furthermore, the coefficients may have signifi¬ 
cantly different frequency-dependent variations according to the 
method of wattmeter connection on real load, and both sets of 
values may differ from those on artificial load. 

The application of eqn. (5) in such circumstances would be a 
laborious matter, and it is considered that the upper frequency 
limit of a dynamometer should be assumed to have been reached 
when the frequency-dependent part of either k^ or 4 affects the 
value of the wattmeter indication to a significant extent. 

The value of the coefficient 4 is also affected by the mutual 
inductance between coils, and a test should be made to ascertain 
whether the effect is significant. 

The errors and calibration of a wattmeter will be considered 
in greater detail after a review of the methods of avoiding errors 
from stray-capacitance and eddy currents. 

(2) UNSCREENED LOADS 

In many cases it is not practicable to screen a load and in 
other cases it is unnecessary, but the possible error arising from 


the absence of a screen should be assessed as accurately as 
possible. The first step is to assign a boundary to the load. 
This boundary need not have any physical existence and should 
lie entirely in dielectric material or in air. Apertures in the 
boundary will be unavoidable and will be required for the load 
terminals, and possibly for the means of transmittmg non¬ 
electrical power beyond the boundary of the load. The watt¬ 
meter should measure all electrical energy consumed within the 
boundary of the load. This means that there should be no 
transmission of electrical power across the boundary of the load 
in either direction. This can only be ensured with certainty for 
unscreened loads by moving the load boundary to mfimty. 
Measurement of power in unscreened loads with a fimte load 
boundary is therefore an approximate measurement. Such 
measurements, however, are often made, and it is desirable to 
estimate so far as possible whether the error arising from power 
transmitted across the assigned load boundary is likely to be 
significant. 

(2.1) Electromagnetic Coupling 

Electromagnetic coupling is likely to be a source of error in 
the measurement of power in low-impedance loads located near 
large masses of conducting material. Since the coupling falls 
off rapidly as the distance between the load and external con¬ 
ductors is increased,* an indication of its magmtude may often 
be obtained by varying the distance between the load and the 
nearest large mass of conducting material and observing the 
resulting change in power indicated by the wattmeter. Electro¬ 
magnetic coupling is seldom a serious problem when the position 
of the load can be varied, but if the load position is fixed the only 
way of assessing the coupling effect may be by calculation from 
the dimensions of the load and its surroundings. In some cases 
it may be reasonable to consider the losses in the surrounding 
conducting material as part of the energy consumed in the load. 

(2.2) Admittance Current 

Admittance current between a load and its surroundings, 
either on account of leakage resistance or electrostatic couplmg, 
is often a source of error in the measurement of power in high- 
impedance loads. A significant difference of current through 
the two load terminals is an indication of admittance current, 
but the possibility of admittance current flowing to one part of 
the load from a source of higher potential and other admittance 
current flowing from another part of the load to a smk at lower 
potential has to be borne in mind. Such double admittance 
currents would not necessarily be revealed by a difference of 
current at the load terminals. On the other hand, heavy admt- 
tance currents might flow between the load and its surroundings 
without any significant power loss. Experience is usually the 
best guide as to whether errors are likely to be significant. In 
many cases the only significant admittance current is to earth 
or to surroundings at one potential, and if the potential of the 
load is wholly above or wholly below that of its surroundings, 
admittance current in one direction only at any instant may be 
assumed. In such cases, and provided that the power factor of 
the load is high, an indication of the error in power nieasure- 
ment on account of admittance may be obtained by making two 
wattmeter measurements with the current coil first in one load 
line and then in the other line. 

Fig. 1 shows diagrammatically a simple case in which the 
admittance current is assumed concentrated at one point dividing 
the load into two impedances + jX^ and + jX^. The 
admittance current is assumed equal to /(oc + j^) where a and /3 
are pure numbers numerically much less than unity. 

* The mutual inductance between two circuits is inversely proportional to the cube 
of the distance between them at large separations. 
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R*+jXA 








Rb'+JXb 


Fig, 1. —Load with leakage current at one point. 

The load voltage is 

V = -H jX^) + 1(1 +0C+ j^)(Rs + jXs) 

= 1[(R^ -t- + olR^ - ^Xs) 

+j(X^ + Xs^ocXs + ^RB)] . (6) 

The first wattmeter measurement is 

V.I = lKR^ + Rs-\-a.RB-^Xs) . . (7) 

The second wattmeter measurement is 

F./(l+a-l-7j8)~/2(i?^+i?^ + 2ai?5-t-ai?^+i8X^) . (8) 
The true power consumed in load is approximately 

lKR^ + Rs + 2aR:s) .(9) 

Terms in a? and are neglected in eqns. (8) and (9). 

If X^ and Xq are zero, the true power lies between the 
powers indicated by the two measurements. This conclusion 
also holds if both ^Xq and ^X^ have the same sign as oci?^. If 
either or both are of opposite sign to ccR^ no conclusion can 
be drawn. 

The following treatment shows that these two wattmeter 
measurements are also of value with distributed admittance, 
provided that the load is non-inductive and the active com¬ 
ponent of the admittance current flows in one direction only at 
any instant. 

Let the current in an element of resistance dp at a point 
separated from one end of the total load resistance, R, by a 
resistance /> be /[I -f fi(/j) -|- Jfjip)}^ fi(p) and f 2 (p) are pure 
number functions of p, numerically much less than unity for 
any value of p and equal to zero when p —0. The function 
flip) has its maximum numerical value when p — R. 

Then 


V=I 


[\+fiip)+jUp)]dp 


= RI + I 




Up)dp + jl 


Up)dp 


( 10 ) 


The first wattmeter measurement is 


= +/2 




fi(p)dp 


( 11 ) 


The second wattmeter measurement is 
V. I[1 -h fi(i?) +;f2(J2)] c^RI^ + P 

The power in the load is approximately 


Rl^ + P 


2fi(p)dp 


The power in the load lies between the two powers indicated 
by the wattmeter measurements since Rl\iR) 

.R 


is greater numerically than P 


hip)dp. 


(3) SCREENED LOADS 

The perfectly conducting screen, whether magnetic or non¬ 
magnetic, prevents all direct coupling, either electromagnetic or 
electrostatic, between the load inside the screen and the sur¬ 
roundings, maintains an equipotential surface and is free from 
loss. If it is also desired to prevent current flowing from the 
load screen to the surroundings, the surroundings must also be 
screened at the same potential, although, if the load screen is 
earth potential, it is necessary to screen only those parts of the 
surroundings which are not at earth potential. An alternative 
is to employ a double screen for the load. 

Practical screens fall short of perfection, partly on account of 
their finite conductance and partly on account of the necessary 
openings in the screens for the admission of leads and for other 
purposes. Even the perfect screen may be undesirable, on 
account of the admittance currents between it and the load 
which are usually appreciably greater than those which would 
exist in the absence of a screen. 

The simplest screened load to consider is that in which the 
screen and one load terminal are at earth potential, as shown in 
Fig. 2. If the surroundings are mainly at earth potential there 



SCREEN 


R 

fiip)dp -f RlHiiR) 

0 .... ( 12 ) 


(13) 


Second-order terms are neglected in eqns, (12) and (13). 


Fig. 2.—Load with single screen at earth potential. 

will be little admittance current between them and the screen, but 
a small amount of current is not objectionable provided that the 
resistance losses in the screen arising from it are not significant. 
The proper connection of the wattmeter is with the current coil 
in the high-voltage line, since the low-voltage line may be 
carrying a current which has reached the screen from outside. 
The power indicated will include any loss arising from admit¬ 
tance currents between the load and the screen. This loss may 
often be reduced to a negligible amount, so far as the dielectric 
is concerned, by the employment of high-grade insulation, and 
so far as resistance loss in the screen itself is concerned, by one 
of the three methods following: 

(d) Increase of separation between load and screen. 

This method involves a larger screen, which is not always 
convenient. 

(b) Increase of thickness of screen. 

This method involves a more expensive screen, but must be 
adopted if good electromagnetic screening is required, unless a 
screen of magnetic material is used. There is little advantage in 
increasing the thickness beyond the “penetration depth” for the 
frequency and material concerned. 

(c) Reduction of screen material. 

If electromagnetic screening is unimportant, eddy-current losses 
may be reduced by using a screen of the wire-cage type with little 
loss of efficiency as an electrostatic screen. 

Some types of wattmeter will not indicate correctly with the 
current coil in the high-voltage Line, and in such cases two 
modifications of the screening described may be considered. 
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First, the load screen may be connected to the high-voltage 
terminal. This means that this screen must be suitably insulated 
from earth, which is not always convenient. Furthermore, the 
admittance current between the screen and its surroundings w 
usually be greatly increased, and this may affect significantly the 
resistance losses in the screen. The alternative modification is 
to connect the current coil between the earth point and the load 
terminal which is connected to the screen. In this case the 
screen need only be lightly insulated from earth since the voltage 
drop in the current coil is usually small. Any current between 
the screen and its surroundings, however, will pass through the 
current coil and may affect the wattmeter indication. 

The measurement of power in systems in which neither Ime 
is at earth potential is more complicated. Fig. 3 shows the 



Fig. 3.—Load with neither terminal at earth potential. 

Pi = V. I + Ve.Je 

method to be adopted when the admittance current between 
the earthed screen and its surroundings may be considered 
negligible. The power in the load is determined by two watt¬ 
meter measurements in accordance with eqn. (14). 

Power in load = V. I Vg. Ig . • • (14) 

where Vg is the voltage between earth and the line carrying the 
current (/ + /,), and 4 is the current between earth and the load 
screen. 

The most severe case to be considered is that in which neither 
line is at earth potential and the conditions are such that admit¬ 
tance current from the outside to the screen is to be expected. 
In such cases the load should be fitted with a double scieen, 
the outer one being connected direct to earth. Two wattmeter 
measurements should be made, one with the current coil in one 
load line, the voltage circuit between load lines and the inner 
screen connected to earth, and the other with the current coil 
comiected between the inner screen and earth and the voltage 
circuit between earth and the other load line. Since the current 
from the inner screen to earth is usually small, the voltage drop 
in the current coil will also be small so that The two screens 
will be nearly at the same potential and there will be a negligible 
current between them. The conditions are shown in Fig. 4, 


1 



Fig. 4.—Load with double screen. 


P£ ^V.I+Ve. h 


the power being given by the sum of the two wattmeter readings, 
as in eqn. (14). 

(4) WATTMETER SCREENING 

The power-frequency wattmeter is usually fitted with a smgle 
screen enclosing the fixed and moving coils. The principal 
function of this screen is to prevent a torque being exerted on 
the moving system by external magnetic fields. However, it 
serves also as an electrostatic screen and is usually connected 
to a terminal of the moving coil. The series resistor is often 
unscreened. Assuming that one end of this resistor, of resis¬ 
tance Rs, is at earth potential, the earth capacitance may be 
represented, as a first approximation, by a capacitance shunting 
one-third of the resistance; its value might be of the order of 
20 / 4 /iF. The phase angle of the wattmeter would be altered 
by such a capacitance by ^ x lOcoR^ x 10"^^ radn. For 

= 10 kUohms and / = 1 kc/s the phase angle change would 
be 0-0004 radn, which is negligible. The series resistor of a 
low-voltage wattmeter intended for low audio-frequencies is 
therefore better unscreened. For = 100 kilohms and 
/= lOkc/s the phase-angle change would be 0-04 radn. This 
would introduce a serious error in power measurements at low 
power-factors. The capacitance between the series resistor and 
its screen would be greater than the earth capacitance of an 
unscreened resistor, and screening gives improved wattmeter 
performance only if compensating capacitance is introduced at 
the same time. 

The coil screen should be connected to the common wattmeter 
terminal, since, neglecting the effect of mutual inductance 
between the coils, the potential difference between the screen 
and the fixed coil is independent of the voltage across the voltage 
circuit wliile the potential difference between the moving coil 
and the screen is independent of the current in the fixed coil. 
It is convenient for the series-resistor screen to be at the sanie 
potential as the coil screen, and the compensation of the capaci¬ 
tance current between screen and resistor is simpler when the 
screen is connected to the common terminal. It is not there¬ 
fore proposed to consider any alternative connection of this 
screen. Fig. 5 shows the method of connecting the wattmeter 


I 



Pig, 5 ,_Power measurement with singly-screened wattmeter. 

to measure a load, one terminal of which is at earth potential. 
The wattmeter screen is at high potential, but any current 
between it and the load screen or between it and earth does 
not affect the measurement except in so far as losses actually 
occurring in the screens may be altered. The objection to this 
method of measurement is that the loss in the current coil is 
included in the power measured, and this is usually more diffi¬ 
cult to allow for accurately than the loss in the voltage circuit, 


I 



Fig. 6.—Power measurement with doubly-screened wattmeter. 
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especially at audio frequencies where the effective resistance of 
the coil may be appreciably higher than with direct current. 

This difficulty may be avoided by the employment of a double 
screen, as shown in Fig, 6. The inner screen is connected to 
the common terminal and the outer screen to the voltage ter¬ 
minal. Tffie screens form a capacitance in parallel with the load, 
but if the insulation is of good quality there need be no significant 
loss associated with it. 

(5) THE FREQUENCY ERRORS OF A WATTMETER 

The frequency errors of an air-cored wattmeter at power fre¬ 
quencies arise chiefly from the phase angle between the load-voltage 
vector and the moving-coil current vector. With the Mumetal- 
cored dynamometer the phase angle between the vector of the 
current in the fixed coils and the vector of flux produced by it 
may be the dominating factor. These phase angles give rise to 
the well-known power-factor error. 

At higher frequencies a given voltage is unable to maintain 
the same numerical value of current in the moving coil, so that 
the instrument has a frequency error at unity power-factor. In 
addition, there are frequency errors proportional to the square 
of the load voltage and load current, as indicated by eqn. (5), 
These errors arise from eddy-current losses, stray-capacitance 
currents and the effects of self-inductance, mutual inductance 
and compensating capacitance. It would be possible to con¬ 
struct a fairly accurate circuit approximation and to derive an 
expression for the performance of the wattmeter in terms of 
circuit constants. Such an expression would be extremely 
complicated and of doubtful practical value. There is, however, 
some advantage in setting up a very simple circuit approxima¬ 
tion in order to see more clearly the nature of the errors involved. 
Fig. 7 shows such an approximation for an air-cored wattmeter. 


Rf Lf 



Fig. 7.—Circuit approximation of an air-cored wattmeter. 

The eflfect of eddy currents is very simply allowed for by taking 
effective values of resistance and inductance of the fixed and 
moving coils. Eddy-current effects are usually of importance 
at fairly low frequencies, so that they cannot be neglected. 
Two capacitances are shown to take account not only of stray 
capacitances of an unscreened series resistor, but also of capaci¬ 
tance to a screen if one is fitted and of any capacitance added 
for compensation purposes. The self-capacitances of the fixed 
and moving coils do not usually have any significant effect at 
low audio-frequencies. They are shown in the diagram only 
because they finally introduce errors at the higher frequencies 
which tend to make the wattmeter unusable. However, trouble¬ 
some second-order errors would arise at higher frequencies even 
if these capacitances were negligibly small. The following 
equations for the wattmeter deflection to a first order of approxi¬ 
mation may be derived from the circuit shown in Fig. 7, assuming 
that the impedances of the fixed and moving coils are small 
compared to the resistance of the series resistor and that the 
admittances of the capacitances are small compared to the 
conductance of the series resistor. 


(5.1) Wattmeter on Real Load with the Current Coil Adjacent 

to the Load 

Pw = V . // = (l + 

+ + (iCg — C^r]co VI sin ^ . (15) 


(5.2) Wattmeter on Real Load with the Voltage Circuit Adjacent 

to the Load 



1 - PJ 


vyr 


+ [(L„ + M)/r + (ic, - VI sin (f> . . (16) 


(5.3) Artificial Load 

= (l 4 - + [LJr -f (iC, - C>]cuF/sin <f> 

.... (17) 

(5.4) 1 = 0 (Artificial Load) 

Pw=-co^Cj-MV^lr .... ( 18 ) 

(5.5) F = 0 (Artificial Load) 

Pw=-o}\C„ + C,)MPr. . . . ( 19 ) 

Eqns. (15), (16) and (17) show that the calibration obtained 
at umty power-factor on artificial load is applicable on real load 
provided that the appropriate correction is made for the loss in 
the fixed coils or the loss in the voltage circuit. The power- 
factor error on real load differs from that on artificial load by 
an amount depending on the mutual inductance between the 
coils. ^ The effect may be assumed negligible at power fre¬ 
quencies but at audio frequencies it is desirable to check the 
smallness of the error by the following simple test. A con¬ 
venient current is passed through the fixed coils with the voltage 
circuit short-circuited through an ammeter of negligible resis¬ 
tance. The ratio of the current in the voltage circuit to the 
current in the fixed coils is approximately equal to ooMfr at the 
deflection realized, which should be negligibly small. 

Apart from this mutual-inductance effect the power-factor 
error may be reduced to zero by adjustment of the capacitance 
to a suitable value. Adjustment of the power-factor error is 
also possible for Mumetal-cored dynamometers, but in this case 
it may be necessary to increase Cg. 

The wattmeter indications shown by eqns. (18) and (19) 
should be negligibly small in the working frequency range of 
the instrument, and this may clearly be checked by simple tests. 
It seems reasonable to say that the frequency at which these or 
other second-order errors become significant constitutes the 
useful upper linut of frequency for the wattmeter. The varia¬ 
tion of mutual inductance with deflection would make it very 
laborious to apply corrections for these errors. 

(6) CALIBRATION OF THE STANDARD WATTMETER 

The calibration of the electrostatic voltmeter and the deter¬ 
mination of its d.c./a.c. sensitivity ratio have been described 
in an earlier paper. ^ With the voltmeter calibrated it is 
possible to calibrate the electrostatic wattmeter with alter¬ 
nating current, using the voltmeter as a standard of voltage and 
suitable combinations of resistance, capacitance and inductance 
as the load. The effective values of these components with 
alternating current must also be known. Resistances must be 
known to the full accuracy required for power measurements 
and the design of suitable resistance standards has been 
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described.^ Capacitors and inductors are usually used for tests 
at low power-factor where the wattmeter deflection is small. 
It is not necessary to know their values to high accuracy, but 
their phase defect must be accurately known. This practically 
excludes the use of inductors for real-load tests. 

Eqn. (5) may be used as a basis for investigating the errors 
of an electrostatic wattmeter as well as a dynamometer. One 
of the great merits of the electrostatic wattmeter is that the 
coefficient k 2 is zero, at least up to 20 kc/s, so that the instrument 
has no power-factor error. 

The simplest way of verifying this at power frequencies is by 
the use of mutual inductance, as shown in Fig. 8 . The mutual 
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Fig. 8 .—Zero-power-factor test of electrostatic wattmeter at 
power frequencies. 


inductance, M^, is of such a value that when the current through 
the resistor R gives a voltage drop equal to the full-scale 
“needle” voltage, the same current through the primary of the 
mutual inductance induces full-scale “quadrant” voltage in the^ 
secondary. If the phase angle of the resistance and the phase 
defect of the mutual inductance are negligibly small the needle 
and quadrant voltages will be in quadrature and the wattmeter 
will give zero deflection provided that it is free from power- 
factor error. The effect of either leading or lagging power- 
factor may be obtained by the choice of a suitable polarity for 
the mutual-inductance connections. It may easily be verified 
that this test is satisfactory, even for a non-sinusoidal current, 
provided that there are no even harmonics. At higher fre¬ 
quencies it is difficult to estimate accurately the phase defect 
of the mutual inductance, and tests with capacitances become 
easier. A test at a power factor approximating to zero, current 
leading, may be made as a real-load test with a capacitance 
load: a similar test at a power factor approximating to zero, 
current lagging, may be made as a real-load test with a resistance 
load and a capacitance connected across the quadrants. Both 
these tests have been carried out at frequencies up to 20 kc/s, 
and no significant power-factor error has been observed. To 
complete the power-factor tests the error of the wattmeter was 
checked at various parts of the scale and at different power 
factors. It was found that the error at all parts of the scale 
was independent of power factor. This test was carried out as 
a real-load test with a load consisting of a known resistance in 
parallel with a known capacitance. 

The current coefficient, ^ 4 , may be determined by applying a 
voltage between the quadrants with the needle connected to one 
quadrant. This test was carried out at various frequencies up 
to 20 kc/s, and it was found that the wattmeter deflection was 
independent of frequency and proportional to the square 
of the voltage between the quadrants. The coefficient is 
therefore a constant, and its effect is usually allowed for by 
assuming that half the power dissipated in the quadrant resis¬ 
tance is included in the power measured by the wattmeter in 
real-load measurements. 

Theoretically the voltage coefficient, kj,, should be zero, and 
it is possible to make it so for one position of the needle by 
adjustment of the quadrant positions. It is found, however, 
that exact adjustment is not maintained for long, and it is usually 
considered preferable to make a correction for a small value 


of the coefficient than to adjust the instrument continually. By 
applying a voltage to the needle with the quadrants short- 
circuited the value of the coefficient near zero deflection may 
be determined. The needle is then at the “electrical zero,” and 
no other correction need be made if later deflections are measured 
from this “zero” instead of the mechanical zero. There 
is the possibility that the coefficient will have a different value 
at other deflections, but no error need arise on this account if 
the calibration is determined with the same voltage applied to 
the needle as the voltage applied when the wattmeter is used 
as a standard. Finally, by calibrations at different frequencies 
it has been established that the coefficients k^ and k^^ are inde¬ 
pendent of frequency so that it is legitimate to calibrate the 
wattmeter on one frequency and use it on another frequency. 
This is convenient for normal testing, as the original wattmeter 
calibrating equipment described in another paper^ is not designed 
for audio frequencies but is more rapid in use than the special 
equipment described here. The normal procedure is therefore 
to calibrate the wattmeter at 50 c/s, or a low audio frequency, 
even when the subsequent test is at a high audio frequency. 

As a result of these various tests it has been established that 
the wattmeter calibration is independent of frequency to one 
division deflection or 0-05% of full-scale deflection. To cali¬ 
brate other wattmeters with the electrostatic instrument as a 
standard, a range of quadrant resistances and a voltage divider 
must be available to cover the desired ranges of current and 
voltage. These auxiharies must have an accuracy comparable 
to that of the wattmeter, and the voltage divider should be 
compensated to allow for the shunting effect of the capacitances 
of the electrostatic voltmeter and wattmeter. 

A set of quadrant resistors for currents from 10 milhamp to 
1 amp and a voltage divider for voltages up to 1100 volts have 
been constructed using the principles of design described in 
another paper.^ For currents heavier than 1 amp, existing 
power-frequency quadrant resistors will be used, a special 
determination of their phase angle being made. 

(7) THE ARTIFICIAL-LOAD METHOD OF TESTING 
DYNAMOMETERS 

The connections for testing dynamometers by artificial load 
at power frequencies are shown in Fig. 9. Investigation has 



Fig. 9 .—Artificial-load test of dynamometer at power frequency. 

shown that, provided the test circuits are connected to the power 
supplies through isolating transformers, the current through the 
earth connection is not sufficient to affect the accuracy of the 
tests unless the test current is very small. A similar immunity 
from error cannot be assumed at audio frequencies, and it is 
desirable that the earth connection should be made to one supply 
terminal of each supply, which then forms the common point. 
The mid-point terminal of the quadrant resistor carmol there¬ 
fore be the common terminal of the two supplies, so that the 
necessity for making a correction for half the power dissipated 
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in the quadrant resistor has to be accepted. Apart from this, 
the only difference between the audio-frequency test and the 
power-frequency test is in the precautions taken to avoid error 
from the capacitance currents taken by the electrostatic instru¬ 
ments and stray-capacitance currents. Fig. 10 shows the con- 



Fig. 10.—^Artificial-load test of dynamometer at audio frequency. 

Broken lines indicate capacitances between parts. 

C = Capacitance, usually unknown, between coils of dynamometer. 

nections for audio-frequency tests with the important capaci¬ 
tances indicated by broken lines. The voltage divider is 
compensated for the capacitance currents taken by the voltmeter 
and wattmeter as described in another paper. ^ The voltmeter 
and wattmeter cases and the screens of the voltage divider and 
the quadrant resistor are all at earth potential. The time- 
constants of both the voltage divider and the quadrant resistors 
have been adjusted to zero to an accuracy of 0-002 /xH per 
ohm, so that the wattmeter calibration is applicable without 
correction. 

The test wattmeter, however, is not tested under exactly the 
conditions of use. There are two differences to be considered. 

{a) In use one terminal of the moving coil is connected to a 
terminal of the fixed coils, while in this test there is a potential 
difference between the two terminals equal to the voltage drop 
across the quadrant resistor. It is rare for this difference to affect 
the wattmeter calibration significantly, but the effect, if any, may 
be determined by a repeat calibration with the voltage drop 
increased by the addition of resistance between the quadrant 
resistor and the Wattmeter current-circuit. If the two calibrations 
are not the same an extrapolation to zero total resistance gives the 
required figure. 

{b) The coils of the wattmeter are at or near earth potential, 
whereas it has been shown in Section 3 that it is often desirable 
for the current coil to be connected into the high-voltage line. 
A test for the effect of this may be made by enclosing the watt¬ 
meter in a temporary screen connected to the high-voltage line. 
If the calibration is the same with and without the screen it may 
be assumed to be reliable, but if there is a difference, the exact size 
of screen to simulate the conditions of the unscreened wattmeter 
as normally used is difficult to assess. Under such circumstances 
there is an unavoidable uncertainty in the calibration of the instru¬ 
ment. If the wattmeter is fitted with a single or double screen it 
is unnecessary to carry out a test with any added screen. The 
wattmeter screen, or the inner screen if there are two, must, how¬ 
ever, be connected to the moving-coil terminal—and not the fixed- 
coil terminal—for the artificial-load test, in order that the current 
from screen to earth shall not affect the measurements. 

(8) DESIGN 

Little has been said in the paper about the difficulties of 
internal design of dynamometers for audio frequencies, although 
the subject was discussed briefly in an earlier paper.^ 


The first difficulty Hkely to be encountered is in maintaining 
the current in the moving coil in the correct proportion to the 
applied voltage and in phase with it. Capacitors may be used 
to improve the performance in this respect, but the variable 
effect of mutual inductance prevents perfect compensation of 
phase at low audio frequencies; at the higher audio frequencies, 
when second-order errors become appreciable, the ratio of 
moving-coil current to applied voltage will change with frequency 
even in the position of zero mutual inductance. There are two 
possible lines of progress here: the first is to maintain the correct 
moving-coil current by electronic means^ and the second is to 
design the wattmeter to operate with the coils always in the 
position of zero mutual inductance. This may be achieved by a 
torsion-head control or by an electrical control as in the Hawkes- 
Shotter comparator. ^ Such instruments, however, are not so 
rapid in operation as a deflecting instrument. This difficulty 
may be overcome by the use of photocells: it is then possible to 
apply the electrical control automatically, and the value of the 
control curi'ent, read on a deflecting d.c. instrument, provides the 
indication of power.^ 

The second difficulty in the design of audio-frequency watt¬ 
meters arises from the higher impedance of the current circuit 
in the upper range of frequencies. The natural solution of this 
difficulty appears to be in the provision of electronic means for 
maintaining the current in the fixed coils with the application 
of only a small voltage at the current terminals. The per¬ 
missible voltage is much less than is available at the voltage 
terminals so that the problem is to that extent more difficult of 
solution. Mutual inductance between the coils also increases 
the difficulties of design, and instruments operating always in 
the position of zero mutual inductance have a great advantage. 
A dynamometer wattmeter with electronic control applied both 
to the voltage coil and to the current coil has been designed and 
constructed for operation at the single frequency of 10 kc/s.^ 

The third difficulty arises in the upper audio-frequency range 
from the shunting effect of the coil capacitances, and may be 
especially acute where the mutual inductance between coils is 
large. This difficulty may be met by designing the coil systems 
for best performance and providing auxiliary means to adapt 
the resulting instrument. With existing designs of dynamo¬ 
meters having pivoted movements the best performance up to 
frequencies of 20kc/s appears to be obtained when the coil 
current is about 30-50 inA with the Mumetal-cored type and 
100-150 mA with the air-cored type. The current range of 
such instruments may be extended by means of current trans¬ 
formers: it may be advantageous to use separate transformers 
for the upper- and lower-frequency ranges. If, however, elec¬ 
tronic control is provided on the current side, the range can 
be changed by different values of resistance used to provide a 
suitable voltage for the electronic amplifier. Electronic equip¬ 
ment is likely to be essential on the voltage side. Since a current 
of 30-50 mA is easier to handle electronically than 100-150 mA, 
the Mumetal-cored type of dynamometer has an advantage over 
the air-cored type for the higher audio-frequencies. Lower 
values of current are hkely to be appropriate for sensitive instru¬ 
ments with suspended movements and either the air-cored or 
the Mumetal-cored tyoe might then be suitable for electronic 
control. The complete equipment consisting of a dynamo¬ 
meter, electronic amplifiers for the voltage and current side, a 
voltage divider and a set of resistance standards or current 
transformers makes a formidable collection: the alternative 
possibility visualized by Choudhury and Glynne^ of developing 
a robust form of the electrostatic wattmeter with electronic 
control is not without attractions, and it will be interesting to 
see which type of instrument makes the most progress in the 
future. 
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DISCUSSION ON THE PAPERS BY PROFESSOR BARLOW AND DR. ARNOLD, BEFORE THE 

MEASUREMENTS SECTION, 23RD NOVEMBER, 1954 


Prof. R. O. Kapp: If I do not refer to Dr. Arnold’s paper it is 
only because it deals with a subject rather remote from my own 
field of study. The use to which Professor Barlow is putting the 
Hall effect may, on the other hand, have wide applications in 
heavy current engineering. The advantages of this device from 
the power engineer’s point of view are four. It is nearly fre¬ 
quency independent over a wide range. It has no moving parts. 
It is free from magnetic saturation up to a practically unlimited 
field strength. It occupies very little space. A disadvantage is 
that the signal received from the Hall crystal will nearly always 
have to be amplified. But I think that we power engineers are 
more afraid of amplifying devices than we ought to be in these 
days. We have not taken enough notice of the improved tech¬ 
niques that have recently been developed. 

One field of application would seem to be in the electro¬ 
chemical and metallurgical industries where the currents run 
into tens of kiloamperes and ordinary shunts prove inadequate. 
Here Prof. Barlow’s use of the Hall crystal may become a 
successful competitor to the direct-current transformer. In a.c. 
work the device would have to be adapted to become a VAr-meter 
as well as a wattmeter, but this should not prove difficult for it 
would suffice to provide one of the elements with a quadrature 
component of the current or voltage in the main circuit. Other 
possible uses may be as an ammeter or a voltmeter in cases 
where the frequency independence, the probable reduction in 
wear and maintenance and the small dimensions are important; 
for if the device can measure the product of voltage and current 
it can, of course, also be connected to measure the product of 
current and current or of voltage and voltage. The charac¬ 
teristic would be parabolic and not linear, but there are occasions 
when that too would be an advantage. 

Lastly, I should like to mention a further field that I think 
ought to be explored, even though I dare not hazard a guess 
whether the exploration would lead to a fruitful result or not, 
I am thinking of the use of Prof. Barlow’s Hall crystals in place 
of current transformers in very-high-voltage bushings. In 
power work it is often necessary to accommodate three sets— 
one for metering, another for indicating instruments and other 
services, and the third for operating protective relays. The 
current transformers have to be of the bar-primary type and 
take up a great deal of room. The design problem is not at all 
simple. If Hall crystals could be used instead, a lot of space 
would be saved. They would have to be connected in cascade 
and located near enough to the conductor to be subjected to a 
strong field. The current element would have to be taken from 
voltage transformers. The fact that there was no saturation 


would make such a device particularly suitable for protection, 
where Mumetal cannot be used on account of its saturation 
characteristic. There would be many difficulties, I must admit. 
Insulation is one, for it may not be easy to provide adequate 
insulation between the Hall crystals and the conductor and 
yet have a sufficiently intense magnetic field. It may be also 
difficult to bring conductors from a voltage transformer to the 
crystals, and it may be difficult to accommodate an amplifying 
device immediately adjoining a bushing. I think this would be 
necessary since any length of lead between the crystals and the 
amplifier would introduce a source of inaccuracy. But I do 
not think one ought to regard such difficulties as insuperable. 
One ought at least to make a good try to overcome them. 

Mr. H. D. Hawkes: The question of load screening may be 
part of circuit design and not instrument design: an ideal instru¬ 
ment should measure power in that circuit without disturbing 
it in any way. 

Admittance currents may be part of the load to be measured 
and, again, appreciable losses due to the measuring instrument 
may so upset circuit conditions that any attempt to apply cor¬ 
rection would be very laborious, particularly if the circuit had 
non-linear characteristics. 

In general, the higher the sensitivity of the instrument the 
lower are its losses and the lower are its frequency and power- 
factor errors. 

Dr. Arnold stresses the error caused by mutual inductance at 
the higher frequencies, and I agree that the ideal dynamometer 
is a null-point instrument, but the next best is the suspended 
reflecting type of indicator, where the sensitivity is high and the 
angular movement of the moving coil and hence the mutual 
inductance troubles are greatly reduced by using optical 
amplification. 

A number of network analysers are being built in this country 
for simulating power-network conditions by medium-frequency 
and low powers. Consider an example where the frequency is 
1 kc/s, the nominal voltage level 25 volts and the nominal 
current 50 mA; measurements of voltage, current, power and 
reactive power are required anywhere within the network to 
an accuracy of within 0 • 5 % of nominal values. 

To do this the sensitivity of the apparatus must be sufficiently 
high for the voltage side to take less than 50 microamp and the 
current side to have a voltage drop of less than 25 mV. 

This is a specific case for the use of amplifiers for both voltage 
and current sides of the apparatus. 

The instruments we have used for this purpose are the sus¬ 
pended reflecting type of dynamometer with the coils at earth 
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potential, the primary measuring components being small 
screened transformers for both current and voltage. 

The current side is supplied by resistance-drop feeding a 
screened transformer and isolating the instruments from the 
network; the only disturbance of circuit conditions is due to 
very small screen currents when the resistance potential is above 
earth in the network. In connection with Prof. Barlow’s Hall- 
effect low-frequency wattmeter, I should like to compare the 
performance with that of a reflecting dynamometer of similar 
range. The sensitivity and accuracy comparisons are as shown 
in Table A. 

Table A 


Property 

Hall wattmeter 

Dynamometer 

VA on current side .. 

Q/p of voltage side .. 
Frequency error, % 
Power-factor error at 0 • 5 lag, % 
Torque of indicator, g-cm* .. 

1 

60 

7(50-150cys) 

0-01 

(approximately) 

0-25 

800 

0-2 (0-2 500c/s) 
<0-5F.S.D. 
0-03 


* The Hall "wattmeter indicator is a millivoltmeter. 


Dr. E. Billig: Only in the last few years has it become 
practicable to utilize the Hall effect, since no suitable materials 
have been available before. The application of the effect is, of 
course, not restricted to the measurement of power, but can be 
used to measure the product of any two independent variables 
as in computers, in the measurement of the torque of a rotating 
electrical machine (torque — magnetic flux X current), etc. 

In the design of Hall plates, the choice of an appropriate 
material is all-important. Eqn. (2) of the paper gives an expres¬ 
sion for the Hall constant in terms of the concentration of 
electrons {n^ and holes («^). Utilizing the additional condition 
that their product is constant (for a given temperature and type 
of semi-conductor); 

= nf . (A) 

the Hall constant can be expressed as a function of the electron 
concentration alone: 

.W 


where 




V + (^v)- 




bu 


(C) 


and Hi — concentration of intrinsic electron-hole pairs. 

The factor r has been plotted in Fig. A as a function of v 
for various parameters /S. This mobility ratio /3 has a value of 
2-1 for germanium and 5 for silicon. It is seen that the Hall 
constant is highest for near-intrinsic semi-conductors (rig ~ «,.). 
Plates made of such material would generate a large voltage as 
long as no load was drawn from the transverse terminals, but 
relatively little power could be drawn from such a device owing 
to its rather high internal resistance. In practice, a compromise 
solution is therefore adopted by using “doped” material, i.e. 
one in which the number of free electrons is increased by the 
addition of small quantities of appropriate “donor impurities,” 
such as arsenic, antimony, bismuth, etc. The conductivity of 
the semi-conductor is thereby increased—at the expense of 
the Hall constant; i.e. the internal resistance is reduced at the 
cost of reduced sensitivity, and rather complicated detectors 
have to be used, such as the photo-electric galvanometer amplifier 
described in the paper. 

A better solution, which has recently become feasible as a 
result of fundamental research into semi-conductors, is to use 
alternative materials instead of germanium. The “intermetallic” 
compounds of Groups III and V, i.e. stoichiometric combina¬ 
tions of an element in Group III of the Periodic Table (aluminium, 
gallium, indium) with any element in Group V (phosphorus, 
arsenic, antimony, bismuth) are semi-conductors having properties 
remarkably like those in Group IV, such as silicon or germanium; 
in particular, their Hall constants are quite comparable. In 
addition, however, the , mobility of the electrons in these com¬ 
pounds is much higher; in InSb, for instance, by a factor of 20. 
It thus becomes possible to combine large Hall constant with 
large conductivity, i.e. to produce Hall plates of low impedance 
and yet giving a relatively strong signal. 

In connection with eqn. (2), I suggest omitting the factor 10®, 
and also the rather awkward dimensions given. The true 
dimension of the Hall constant is that of the volume of semi¬ 
conductor occupied by unit free charge. This is independent of 
the particular system chosen; in practical units, for instance, 
this would be expressed as cubic centimetres per coulomb. 
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Dr. A. L. Cullen: I propose to confine my remarks to Prof. 
Barlow’s paper on the Hall effect, in which he pointed out the 
difficulty of measuring the Hall constant at very high frequencies 
and mentioned the possibility of using for this purpose wave- 
propagation characteristics in a semi-conductor situated in a 
steady magnetic field directed along the path of the wave. An 
initially linearly-polarized wave acquires an elliptic polarization 
as it progresses, and the degree of ellipticity and the orientation 
of the ellipse slowly change as the wave passes into the semi¬ 
conductor. 

Analysis shows that the attenuation of a TEM wave from the 
face of the semi-conductor to the point at which it has acquired 
an ellipticity such that the ratio of major to minor axis becomes 
2-17 : 1 is a direct measure of the Hall constant if the conduc¬ 
tivity and the steady magnetic field are known. Putting in 
figures for a sample of germanium which Prof. Barlow has used 
in some of his experiments leads to the result that with a wave¬ 
length of 3 cm this degree of ellipticity is reached only after an 
attenuation of the order of 50 000 dB. Thus, it does not seem 
that there is much possibility of measuring the Hail constant in 
this way. 

However, there is a possibility of measuring the rotation of 
the major axis as the wave progresses, and in that case the 
situation is far more favourable. A rotation of half a degree, 
which should be observable, will take place at a wavelength of 
3 cm after an attenuation of 8 ■ 7 dB. In all cases I am assuming 
the same magnetic field of 0 -1 weber/m^, or 1 kilogauss. 

A final remark concerns the relationship between radiation 
pressure and the Hall effect. Consider a plain wave incident 
normally on a conducting metal surface. The usual explanation 
of the resulting radiation pressure is that the r.f. currents flowing 
in the surface of the metal are acted upon by the r.f. magnetic 
field in which they are situated, giving rise to an inward force 
which can be calculated from the usual Bll rule. This physical 
mechanism is the same as that which gives rise to the Hall effect. 
A point which this theory of radiation pressure leaves unexplained 
is how this force, which acts only on the free electrons, is trans¬ 
ferred to the bulk metal. A purely classical picture of this 
transfer is that the force acting on the electrons tends to push 
them inside the metal, thereby leaving “uncovered” a layer of 
immobile positive charges near the surface. This displacement 
of the electrons inside the metal produces an electric field pointing 
inwards and tending to pull these positive charges in to follow 
the electrons. 

If one calculates from the known magnitude of the radiation 
pressure the value of this electric field, it turns out to be exactly 
the same as the Hall e.m.f. per unit length calculated with the 
classical result that the Hall coefficient M is equal to {ne)~^ 
where e is the electronic charge and n is the number of free 
electrons per unit volume of the metal. Thus, there is a close 
connection between radiation pressure and Hall e.m.f., and one 
might say that it is existence of the Elall effect which makes 
radiation pressure observable, 

Mr. A. Hobson: An instrument using a new basic principle 
is a rare event in the well-established art of electrical science, and 
Prof. Barlow’s device has many interesting possibilities. At the 
moment it seems that the most likely practical applications will 
be in measurements on direct currents and at very high frequencies. 

At power frequencies it is difficult, at this stage, to see what 
can be gained by avoiding the use of current transformers. The 
arrangement shown in Fig. 8 is eminently suitable for direct 
current, but for a.c. work the core could well belong to a current 
transformer. It is no easy matter to arrange for the flux density 
in a fairly long air-gap to have an accurately known value, and 
for this reason a complete transformer might cost no more than 
the special core in the diagram. 


It has been suggested that a development of Prof. Barlow’s 
instrument might replace the protection-current transformer, and 
this also I find difficult to imagine. The present protection 
transformer is big and clumsy because it is called upon to provide 
considerable power. If the relay circuits could be designed to 
operate from a Hall e.m.f. of a few millivolts an air-cored toroid 
would give a bigger signal in a simpler way with complete 
stability and indefinite linearity. 

A very important advantage of the author’s device is its inde¬ 
pendence of frequency. Measurements of current at very high 
frequencies are difficult, and the possibility of calibrating an 
instrument at 50 c/s and then being able to use it with confidence 
at 300Mc/s is an extremely attractive one. 

Dr. E. W. Saker: Dr. Billig has mentioned that some of the 
Groups III-V compounds would be more efficient than ger¬ 
manium. 

One can show very simply that in devices using the Hall effect 
the efficiency—i.e. the ratio of Hall power produced in a matched 
measuring meter to the power dissipated in the specimen—is 
proportional to the square of the carrier mobility in the semi¬ 
conductor. Since the mobility of electrons in indium antimonide 
is 15 times greater than in germanium, the efficiency could 
theoretically be over 200 times greater, provided that no practical 
difficulties arose. Another advantage of indium antimonide is 
that the contacts are linear. 

Mr. M. Kaufmann: I was interested in Prof. Kapp’s reflections 
on the possibilities of using the Hall effect in various devices in 
the future, and in the reactions which they produced in Mr. 
Hobson. Although I cannot see any immediate prospect of the 
Hall-effect device replacing the current transformer, I consider 
it quite safe to predict that the future will inevitably bring about 
such changes as will be tantamount to the abolition of the 
current transformer as we know it now. It is not that the 
transformer is failing in the role it is required to fill; it is merely 
that it has definite shortcomings, especially in balanced 
protectiye systems. 

I agree with Prof. Kapp that protective devices may be a 
little extravagant in the matter of the power they use, but that 
has not been a serious difficulty. One that can be called serious 
is that which arises from the use of iron in balanced protective 
systems, and the idea of dispensing with iron, although not new, 
is very attractive. 

The difficulty I see in applying the device which Prof. Barlow 
has described in place of a current transformer is that of insu¬ 
lating it. The replacement of a conventional current trans¬ 
former by something called a transducer, which this might 
perhaps be called, has been tried before, but the problem was 
one of insulating the transducer from the device it had to operate. 

Looking at Fig. 12, I think the problem of insulating this 
device would be simpler than in the case I had in mind, and I 
should like Prof. Barlow to comment on that. To me it seems 
possible to put a similar wheel-spoke arrangement of semi¬ 
conductors around an ordinary porcelain insulator forming the 
shedding of a capacitor bushing, and so derive enough force for 
an instrument. If that can be done, it is well worth following 
up, since it could lead to a significant development in the art of 
protection. 

In such an arrangement the magnetic field round the central 
conductor in the bushing would provide the flux, and a tapping 
from an outer layer of the capacitor could provide the current. 
The problems then posed would be how to correct the phase of 
the capacitance current in the semi-conductor; and whether the 
strength of the magnetic field would be adequate at a distance of, 
say, one foot from the conductor. 

I should like to consider the possibility of being able to 
compare the phase of the power at two ends of a power circuit 
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as a first step in the development of a protective device not 
dependent on conventional relays or conventional current 
transformers. 

Prof. F. Brailsford: I am interested in these papers in connec¬ 
tion with the measurement of iron losses in magnetic laminations 
at high flux-densities and power frequencies. We have recently 
succeeded in making measurements up to about 24 Idlogauss, 
but this has been by thermal means, and confirmation of these 
results by an alternative method would be welcome. 

From the point of view of a wattmeter the problem is that of 
low power-factor (e.g. in the range 0-01-0-001) and also of the 
presence of harmonics in both the voltage and current circuits. 

The Barlow wattmeter might possibly be designed with phase- 
angle errors small enough to enable such measurements to be 
made. The direct approach to this appears to be to eliminate 
all iron, with its non-linear characteristics, from the wattmeter 
circuits and, employing the circuit of Fig. 10 in the second paper 
with Lg also removed, to produce the necessary magnetic flux- 
density in the germanium by an air-cored coil. It then becomes 
necessary to produce the maximum field-strength in a coil 
absorbing the minimum power but, fortunately, over only a 
very small volume. Kapitza dealt with this problem in some of 
his experiments in which very high magnetic field-strengths were 
employed. A rough estimate indicates that a field of 100 oersteds 
could be produced in a coil of inside diameter 1cm for the 
expenditure of about 2 watts. If field strengths of this order are 
adequate such a wattmeter might be suitable for special investi¬ 
gations of the kind mentioned above. 

Mr. F. R. Axworthy: Germanium probes using the Hall effect 
for measuring magnetic field-strengths are very sensitive to 
temperature changes. Will Prof. Barlow say to what extent his 
wattmeter is so affected and whether he has found it necessary to 
introduce some means of temperature compensation? 

Dr. Arnold mentions Choudhury and Glynne’s paper on 
electrostatic wattmeters. Their modification of Addenbrooke’s 
adjustable quadrant has made the portable electrostatic watt¬ 
meter a practical instrument. It is a simple matter to set up the 
instrument and the electrical and mechanical zeros can be 
balanced in a few minutes. With the instrument balanced the 
voltage error is less than 1 % for needle voltages varying between 
20 and 150 volts. 

A disadvantage of the electrostatic wattmeter in its more 
robust portable form is the relatively high power consumption 
of the shunts, which makes it necessary to use amplifiers for 
some purposes. The design of these amplifiers is a somewhat 
difficult problem if one wants to work at power factors lower 
than 0 • 1, as is often the case. 

When used without amplifiers the chief source of uncertainty 
is the time-constant of the quadrant shunt. Recent papers by 
Dr. Arnold and Prof. Moullin have been of great help in the 
design of resistors with short time-constants, but having designed 
them it is still rather difficult accurately to measure the time- 
constant. Perhaps Dr. Arnold could recommend a suitable 
method. 

When considering wattmeters for use at audio frequencies, 
the electrostatic wattmeter is probably easier to design and 


make than the dynamometer and will almost certainly have a 
greater frequency range. 

Mr. W. Bamford: I was somewhat carried away by Prof. 
Kapp’s views of the future, but, thinking about it afterwards, 

I realize that, despite the attractiveness of the Hall effect, it does 
not provide a great deal of power in terms of operation of 
instruments and meters. Consider, for example, the measure¬ 
ment of heavy direct current. Although the voltage across the 
Hall plate is some two volts, the output is certainly not enough 
to operate an ampere-hour meter on direct current. Amplifi¬ 
cation has therefore to be used, and by the time ^e have finished 
we are back to something as bulky as the so-called d.c. current 
transformer with its separate a.c. supply. This device, inci¬ 
dentally, is very robust and has operated very successfully, over 
many years, in many installations. 

My questions concern the stability of the Hall effect on 
continuous load and on overload. Is the output quite stable? 
The effect of ambient temperature has been mentioned earlier. 
Is the output affected by a magnetic field which is not regular 
over the surface? Is it also affected by slight changes in its 
physical position within the magnetic field? These are practical 
points to be considered when designing an instrument for use on 
power supply, in normal working conditions. 

Mr. C. M. Burrell {communicated)-. In radar work, require¬ 
ments for accurate power measurements are mainly at the 
following power levels; 

10^ to 10^ watts 
10~3 to 10“2 watt 
10~*^ to 10“*^ watt 

It is of some interest, therefore, to estimate the performance 
of this new power-measuring device at these power levels. 

Evidently the output at the lowest power level would be 
insignificant, as would the output of anything but a good 
receiver. At the level 10"^ to 10“^ watt it is perhaps permissible 
to obtain figures from the busbar experiment. 

If the voltage across the crystal is 5 volts and the resistance 
of the crystal is 650 ohms, we find that the power dissipated 
in the crystal is 4 X 10“^ watt, the output e.m.f. is 6/xV and the 
output per dissipated milliwatt is 1 - 5 x 10“^ volt. 

It is conceivable that a practical device could be made in 
which EjH was 100 times less than in the example given. 

In this case we would have 1-5 x 10“^ volt per dissipated 
milliwatt. The corresponding figure for a thermistor would be 
10“* milliwatt. 

For low-power measurements, therefore, the Hall-coefficient 
method may be difficult to apply unless a considerable improve¬ 
ment in materials is obtained. 

At the highest levels there is the advantage that the power is 
pulsed^ and therefore thermal effects will be reduced by a factor 
of about 1 000. The crystal might then stand a pulsed dissipation 
of about 10“^ X 10^ watts, and would produce an output of 
the order of 1*5 X 10“^ volt. 

Here the position appears much more favourable, and the 
usefulness of a device producing a rectified pulse proportional to 
power flow would be considerable. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Prof. H. E. M. Barlow {in reply ): Some idea of the potentialities 
of the semi-conductor type of wattmeter for measurement of 
power involving heavy currents, without the use of a current 
transformer, can be obtained by a simple calculation. Con¬ 
sider a conductor of circular cross-section carrying 1 000amp: 
the magnetic flux in air at a radius of 1 ft is about 6-5 gauss, and 
this would produce in a germanium crystal, 1 mm thick, carrying 


a current of 25mA, a Hall e.m.f. of 0-13 mV. It would not 
therefore be unreasonable to mount such a crystal at the earth 
side of a high-voltage insulator bushing, as discussed by Prof. 
Kapp, Mr. Kaufmann and Mr. Hobson, the current through the 
crystal being obtained by a voltage transformer or even by a 
leak circuit taken from the high-voltage line. If a neutral con¬ 
ductor carrying the load current were available, or could con- 
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venientiy be made available, the crystal might well be placed 
immediately adjacent to it so that the flux and the Hall e.m.f. 
would thereby be increased perhaps ten times. There is also 
the possibility of a cascade arrangement of crystals around the 
conductor, and in this way, for such heavy currents, amplification 
of the Hall e.m.f. could probably be avoided. 

In its application to electrical protection Mr. Hobson seems 
to overlook the fact that this semi-conductor device does far 
more than a current transformer. It responds to reversals of 
power in the load circuit and that is particularly valuable in some 
forms of protection. 

Drs. Billig and Saker called attention to the possibility of using 
other semi-conductors, such as indium antimonide, for this 
purpose, with a view to taking advantage of the larger Hall 
coefficients available in some cases. Whilst I agree that there 
are probably better materials than germanium, it must be 
remembered that for a given current density and a given electron 
mobility, the drift velocity varies inversely as the conductivity. 
Bearing in mind that the Hall effect can be computed as the 
e.m.f. induced in a conductor of length / equal to the distance 
between the Hall contacts, moving with the drift velocity u at 
right angles with the externally applied magnetic field B, it is 
clear that the advantage gained by a large electron mobility may 
easily be annulled by a large conductivity.* At the same time 
it is important to ensure that the power dissipated in the semi¬ 
conductor element per unit volume (or preferably, perhaps, per 
unit surface area) is not such as to cause a substantial rise of 
temperature, and this requirement is more easily satisfied when 
the conductivity is high. Semi-conducting materials to which 
non-rectifying contacts can be made without difficulty are also 
most helpful in this application. 

If an air-core magnetizing coil is used in this wattmeter, 
probably the most serious factor limiting its accuracy at low 
power-factors is stray capacitance—and particularly the self¬ 
capacitance—of the coil. At 50c/s, even if a large range of 
harmonics is present, a high degree of accuracy is possible using, 
if necessary, reactance compensation, and I feel confident in 
assuring Prof. Brailsford that a satisfactory instrument could be 
made for his purpose, especially if the power to be measured 
amounts to a watt or two. 

As Mr. Axworthy remarked, the magnitude of the Hall effect in 
germanium varies with temperature. The smaller the impurity 
content the more noticeable is this variation, particularly in the 
neighbourhood of room temperature, but with n-type germanium 
of resistivity about 37 ohm-cm, as in the instruments described, 
no serious inaccuracy was found to arise in that way. Typical 
curves given by Shockleyf for silicon show that over a range of 
about 10° C around the ambient temperature, for a material of 
suitable resistivity, the Hall effect is substantially constant. At 
70-80° C the Hall effect in germanium practically disappears 
altogether, but the crystal is found to recover its properties on 
cooling. Apart from temperature considerations, semi-con¬ 
ductors are often sensitive to light, but a coating of black paint 
will generally eliminate any difficulties in this respect. Mr. 


* since we are concerned with a semi-conductor, a factor 3 tc/ 8 appears in the 
expression for the Hall e.m.f., namely == — inJSBlu x \r -vr * a 

t Shockley, W.: “Electrons and Holes m Semi-Conductors (D. Van Nostrand 
and Co., 1950, New York and London). 


Bamford need have no uneasiness about the stability of the Hall 
effect in germanium, subject only to the permissible limits of 
power dissipated in the crystal. The physical position of the 
crystal in the magnetic field and non-uniform distribution of that 
field over its surface are factors that are quite immaterial 
provided that there are no time variations of these quantities, 
the crystal being rigidly fixed in position. 

For high-frequency measurements Mr. Burrell has applied the 
criterion of output per milliwatt dissipated and whilst this is 
undoubtedly quite a good basis for comparison, there are other 
considerations which may, in a particular application, be more 
important. It is too early yet to give any reliable information 
about the possibilities of the device for high-frequency work. 
Microwaves, for example, produce in germanium a displacement 
current which is comparable with the conduction current and it 
is clear that with this added complication and others associated 
with these conditions there is a wide field for exploration. 

Dr. A. H. M. Arnold (in reply): The use of screened input 
transformers on both the voltage and current sides of a watt¬ 
meter with feedback amplifiers, as advocated by Mr. Hawkes, 
in order to obtain freedom from limitations with regard to 
earthing conditions, is attractive. There is, however, some 
difficulty in obtaining the required performance, combined with 
low losses, from the transformers, especially if they are required 
to operate over a considerable frequency range. The design of 
the cun'ent shunt is relatively easy for the case quoted by Mr. 
Hawkes, namely one to have a voltage drop of 25 mV with a 
current of 50 mA and to have a small phase angle at 1 kc/s. The 
design would be much more difficult for a current of say one 
ampere at a frequency of 20kc/s, and very difficult indeed for a 
current of 100amp. 

The development of a robust portable electrostatic wattmeter, 
referred to by Mr. Axworthy, is of great interest, since the electro¬ 
static wattmeter is inherently more suitable for operation at high 
frequencies than the dynamometer, on account of its freedom 
from power-factor error. Probably the simplest method of cali¬ 
brating the time-constant of the current shunts is to observe the 
wattmeter deflection on zero leading power-factor using a capaci¬ 
tor of good quality as the load. If a resistance shunt of known 
time-constant is available, any error introduced by the arnplifier 
or by losses in the capacitor may be eliminated by repeating the 
test using the shunt of known value. 

I am rather doubtful whether Prof. Brailsford’s problem can 
be solved by using a wattmeter of any type. The best types 
available at present might be read to an accuracy of about one 
part in 10 000 of full-scale deflection, and this would give an 
accuracy of only 10% at a power factor of 0*001. The problem 
of making the correct allowance for the effect of harmonics in 
the voltage waveform would be the same for the wattmeter 
measurement as for the thermal measurement. However, if a 
capacitor is connected across the terminals of the magnetizing 
coil the power factor of the power measured by the wattmeter 
can be increased to any desired extent and the harmonics in the 
applied voltage wave might also be reduced. The accuracy of 
the measurement would then probably be limited mainly by the 
accuracy with which it was possible to determine the losses in 
the capacitor. 
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SUMMARY 

Formulae are derived for the output signal/noise ratio in simple 
pulse code modulation systems for all values of input signal/noise 
ratios. The output ratio improves very rapidly with increasing input 
ratio provided the latter exceeds a certain critical value. It is shown 
that the system is useful for links connected in tandem, for the degrada¬ 
tion of performance below a single link may be avoided by a relatively 
small increase of power in each link . 


LIST OF SYMBOLS 

A = Peak amplitude of the modulating wave which may be 
transmitted. 

V = Pulse amplitude in a practical system. 

F — Moment generating function (one link). 

G — Moment generating function (M links). 

M = Number of links in tandem. 

Pn = Noise power in reconstituted pulses. 

Noise power as a function of frequency. 

Pno = Noise power in the audio band. 

Ps = Signal power in reconstituted pulses. 

Psa = Signal power in audio band. 
a = Quantized amplitude of a sample. 

Of — Contribution of rth pulse in a code group. 

/ = Frequency. 

fa = Highest frequency of the audio band. 
fy = Sampling frequency. 

/ = Pulse length of reconstituted sample. 
m — Number of pulses in a code group. 
n = Instantaneous noise amplitude. 

Wq = R.M.S. noise amplitude, 
p = Probability of error in a pulse. 

Pm = Probability of an error after M links. 

Py = Probability of an error in the rth pulse. 

S' = Difference between levels in proportion to A. 


X, 


Weights of positive and negative values of the rth pulse 


(1) INTRODUCTION 

Prior to the introduction of pulse code modulation, all speech 
communication systems operated on the principle of causing 
some parameter of the transmitted signal, such as the amplitude 
or frequency of a carrier wave, to vary continuously with the 
instantaneous amplitude of the modulating waveform. Pulse 
modulation systems, it is true, must of necessity be restricted to 
the transmission of a sequence of samples of the modulating 
wave taken at discrete intervals of time; but in systems other 
than pulse code modulation the modulated parameter is a con¬ 
tinuous function of the amplitude of the sample which it repre¬ 
sents. In other words, the transmission is quantized in time 
but riot in amplitude. In pulse code modulation, however, the 
amphtude of each sample is transmitted by a code group of 
pulses which represents it in digital form, usually on a binary 

contrputions on papers published without being read at meetinas are 

mwted for consideration with a view to publication. meetings are 

EsSblishSlnt Research and Development 


number scale, so that on-off or two-position pulses may be used. 
Since the number of different code groups which may be formed 
is limited by the number of digit pulses allotted to the code, the 
amplitude of a sample can only be approximated by the nearest 
of a finite number of discrete values ; the transmission is quantized 
in amplitude as well as in time. 

This system allows some of the techniques of telegraphic com¬ 
munication to be applied to the transmission of continuously 
varying waveforms, such as those of speech, with consequent 
advantages. In particular, it is claimed^ that the use of signal 
regeneration enables the quality of the received signal to be made 
independent of noise or distortion in the transmission medium, 
provided these do not exceed a certain limit, and that the signal 
can be relayed through an indefinitely large number of inter¬ 
mediate stations using regenerative repeaters without suffering 
any cumulative degradation or requiring any compensating 
increase of power in each individual link. 

These claims are based on the assumption that there is some 
threshold value of the received signal strength such tliat, when 
it is exceeded, the receiver can distinguish unequivocally between 
the two possible states of a transmitted digit pulse. This 
assumption is not strictly correct, since the statistical properties 
of the random noise that inevitably accompanies the pulse train 
are such that there is always a finite and calculable probability 
that a noise peak will reach a sufficient amplitude to cause the 
receiver to respond incorrectly, thus changing the value of a 
received sample and producing a noise pulse in the output. It is 
the intention of the paper to consider this feature of pulse code 
modulation quantitatively. 


(2) PRINCIPLES OF OPERATION OF PULSE CODE 
MODULATION 


The principles of operation of pulse code modulation are 
illustrated in Fig. 1 for the case of a 3-digit binary code. The 
total amplitude range occupied by the modulation waveform 
[Fig. 1(a)] may be thought of as divided into the eight equal 
regions shown, corresponding to the 2^ possible combinations of 
three binary digits. The amplitude of the waveform is sampled 
at a succession of regularly recurring instants /j, /j, . . . , and for 
each sample the amplitude is taken to correspond to the mid¬ 
point of the region within which it falls. In the interval between 
one sample and the next a code group of three pulses is trans¬ 
mitted, representing the amplitude of the sample by a 3-digit 
binary number [Fig. 1(6)]. At the receiver the three pulses are 
given their appropriate weights in the ratio 4 : 2 : 1 and combined 
to reconstitute the original sample as nearly as the quantizing 
approximation will allow. The result is an amplitude-modulated 
pulse train [Fig. 1(c)] which, on being passed through a suitable 
low-pass filter, yields a signal which approximates to the original 
modulation. The horizontal dotted lines in Fig. 1(c) represent 
the eight quantizing levels of this system, and each corresponds 
to the centre line of one of the amplitude regions of Fig. 1(a). 

Since the processes of time quantization (sampling) and ampli¬ 
tude quantization each involve an approximation, it cannot be 
expected that such a system will be distortionless. The trans- 
[204] 
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Fig. 1.—Waveforms in pulse code modulation. 

(a) Modulating waveform. 

(b) Transmitted pulse code. 

(c) Reconstituted samples at receiver. 

O Sampling points. 

X Quantizing approximations. 

mission of intelligence by recurrent sampling is common to all 
pulse modulation systems, and it can be shown that this feature 
need introduce no distortion provided that the samples are taken 
at regular intervals and at a rate greater than twice the highest 
frequency component in the modulating waveform. The ampli¬ 
tude quantization process, however, necessarily introduces some 
distortion in the transmission of a continuously varying wave. 
This distortion is usually referred to as noise {quantizing noise) 
since, although it is a function of the modulation, it is not 
harmonically related to it. Quantizing noise has been discussed 
elsewhere, for example by Bennett.^ It is difficult to assess, 
since it depends in a complex fashion upon the precise amplitude 
and shape of the modulating wave. In principle, it can be 
reduced below any desired limit by a sufficient increase in the 
number of digits in the code. The paper is not concerned with 
this type of noise, apart from noting that in any given system 
it will set an upper limit to the signal/noise ratio attainable. 

It should be mentioned, however, that the effect of quantizing 
distortion of speech is considerably reduced if the quantized 
levels are unequally spaced, the size of the quantum step being 
less towards the centre of the amplitude range and greater towards 
the edges. This allows the weaker components of speech to have 
a relatively greater share of the total number of levels. In 
practice, the same effect can be obtained by passing the speech 
wave through an instantaneous waveform compressor before 
applying it to the coder, and passing the output from the decoder 
at the receiving end through a waveform expander having a 


characteristic which is the inverse of that of the compressor. 
Here, however, it will be assumed that the quantizing levels are 
equally spaced, since this greatly simplifies the problem without 
invalidating any of the general conclusions, 

(3) THE BASES OF THE METHOD OF CALCULATION 

The method to be used assumes that there is some probability 
that the receiver will respond to a pulse transmitted in one of its 
two possible states as if it had been in the other state. For 
example, in an on-off pulse system a pulse which should be 
present is deemed to be absent and vice versa. It is an essential 
feature of the system that the receiver be so constructed by the 
use of trigger circuits or extreme limiting that the possibility of 
any mtermediate type of response is eliminated. The errors are 
supposed to occur in a random fashion. This is a reasonable 
assumption for the effect of random noise on the systems so far 
envisaged, for the correlation function of the noise voltage must 
be substantially zero at a time corresponding to the interval 
between adjacent pulses. 

The output signal/noise ratio will be calculated when the 
modulation waveform is a sine wave of as high an amplitude as 
the system will transmit. There is no difficulty in extending the 
treatment to other waveforms. 

It will be assumed that the code used to represent the quantized 
samples is binary. Fig. 2{a) gives a demonstration of 3-pulse 



e^ $3 03 0, 03 

{“) CO 

Fig. 2. —Alternative binary representations. 

(a) Using digits 0 and I. (6) Using digits +1 and — I. 

binary code. Let the first pulse of the group have the value 0i, 
being either 0 or 1 ; let the second be 62 and the third 
then, if the “tree” is followed, the value of the corresponding 
quantized sample will be seen to be 40i -h 202 -|- 63 . 

This Figure could be taken as the basis of what follows, but it 
suffers from the disadvantage that the value of the mean level 
changes with the number of levels assumed. It is more con¬ 
venient to base the notation on Fig. 2(b). It is assumed that the 
peak modulation is within ±A. Following the “tree,” a pulse 
train (^i, 62 , ^ 3 ), where each of the ^’s can be ± 1 , will represent 
a quantized sample 

A{^6i + ^62 + 

In general, the quantized amplitude corresponding to an m-pulse 
code can be written as 

m 0 

. 

Not only is this notation more convenient from the theoretical 
viewpoint, it is more closely associated with some practical 
systems.^ 

It will be convenient to use the symbol 5 to represent the size 
of the step of the quantizmg process, referred to the signal range, 













206 


YATES-FISH AND FITCH: SIGNAL/NOISE RATIO IN PULSE CODE MODULATION 


so that s = 1/2"'. The greatest positive value of the quantized 
amplitude, obtained when = 62 — ... — 6 ^ = 1 , is 

m 1 

^ S == .(2) 

r = l ^ 

The maximum error in amplitude occasioned by the quantizing 
process is ±As. The effect of pulse errors on the train of 
reconstituted samples applied to the receiver output filter is 
illustrated in Fig. 3 for a 3-digit code. Fig. 3(n) shows part 

I 

_ 11 11 I M M I i 


C“) 



Fig. 3.—^Disturbance of a received pulse train by errors. 


of a train of equal samples, each of amplitude a, corresponding 
to the transmitted code group 62 , 61 ) =(4-1, —1, 4I). 
This pulse train, of course, represents modulation by a direct 
current. Fig. 3(b) shows the corresponding received pulse train 
in which the code groups producing the samples 3, 6, 7 have 
suffered errors in the second-, first-, and third-digit pulses 
respectively. This may be seen by tracing the tree diagram on 
the left, in which the thick arrows represent the contributions 
of correctly-received pulses, taking into account the fact that an 
error in a digit pulse reverses the sense of the corresponding 
arrow. It will be found that the mean amplitude of the pulses 
in the disturbed pulse train has a value a which is different from a. 
This new mean value represents the signal component, which in 
this case has been reduced in amplitude by the errors; the pulse 
train that remains after this has been subtracted, as shown by the 
shaded areas in Fig. 3(c), represents noise. 

In the general case of modulation by a varying wave, a sample 
which was transmitted as an amplitude a can be regarded as 
being received with an amplitude d 4- n, where d is the mean 
value of all samples which started as a, and the remainder, n, 
is the noise component. If the pulses reconstructed in the 
receiver are rectangular, of length /, and the sampling frequency 
is y), the signal power will be 

Ps = (^Wr ... . . . (3) 


and the noise power will be 

Pn = 'r^lfr 


( 4 ) 


It follows that 


Pn rfi 



It is not difficult to show that the power spectrum of noise in 
a pulse amplitude modulation system has the same distribution 
as that of a single unmodulated pulse, namely 



where I is the pulse length and K is constant. Integrating from 
/■ = 0 to / = CO and equating the result to the total power PNy 
the value of K is found to be IPj^l so that 


Pdf) = ^Pd( 


sm 7r//x 2 

~W ) 


(7) 


The noise power falling into the audio band 0 < / < is found 
by integrating this with respect to frequency. Assuming that 
the pulses are so short that lfa<\, the expression in brackets 
may be taken as unity and the noise power in the audio band is 

PNa — '^Pnlfa .( 8 ) 

It will be convenient to measure the noise relative to a reference 
signal consisting of a sine wave of the greatest amplitude accepted 
by the system. If the frequency of this sine wave is /, the power 
in the audio component is*^ 



and if short pulses are assumed 


pSa ~ Pslfr . 

The signal/noise ratio in the audio band is consequently 

Psa _ Psfr 


Na 


^PNfa 


( 10 ) 


( 11 ) 


and if the audio band is half the repetition frequency 

Psa _ 

PNa Pn Ip 


. ( 12 ) 


The assumption of short pulses is not justified in general. 
For a given pulse amplitude the amplitude of the audio-frequency 
output signal is proportional to the pulse length, and so it is con¬ 
venient to make I as large as possible, namely 1//^. This would 
give a loss of 4dB at the higher modulation frequencies, and 
would require some equalizing network. Such a network would 
boost the noise in the same, way and the final signal/noise ratio 
would still be as given in eqns. (11) and (12). 

In view of eqn. (11) it would seem that to transmit a given band 
of audio frequencies it would be advantageous to use a higher 
pulse repetition frequency. This would, however, widen the fre¬ 
quency range of the signal and so lead to an increase of the noise 
power, which would more than offset the advantage. 


(4) APPROXIMATION FOR HIGH SIGNAL/NOISE RATIOS 
If the signal/noise ratio is high, the probability that a pulse 
will be altered is small, and it will be assumed in this Section 
that the probability is so small that the chance of more than one 
error in a code group may be neglected. 
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Suppose that is the probability of an error in the rth pulse 
in a code group. Then for a proportion Pi of the time the 
amplitude may change by ±A, for a proportionby ±^A and 
so on; the mean-square shift is, neglecting the small change in 
mean value, 

rfi = PiA'^ A-P2^ + • ■ ■ + Pm22fii=2 ' • 

If in particular Pi = Pz = ■ • • = P say, 

«2 = pA‘^(l -f i + . . . + 

= pA'^^{\ — .(14) 

The important thmg to notice is that this noise power is inde¬ 
pendent of the amplitude or waveform of the signal. This is a 
consequence of the assumptions made, in particular of the equal 
spacing of quantizing levels. 

For a given value of p the noise power increases with the number 
of pulses in a code group, approaching 4pA^l3 asymptotically. 
The convergence is very rapid, as may be seen from Fig. 4, 


m 



Fig. 4.—Dependence of output noise power on the number m of 
digit pulses per code group, for constant probability of error. 

where 1 — 5'^ is plotted on a decibel scale as a function of the 
number of digits. The difference from the asymptotic value is 
less than 0 T dB for any number of digits greater than 2 and is 
therefore negligible for almost all practical purposes. In fact, 
no matter how many digit pulses are used in the code, the pulse 
of greatest weight contributes at least three-quarters of the noise 
power. 

For small values of p the effect of pulse errors on the signal 
power may be neglected. The power of a sinusoidal wave of 
amplitude A is ^A'^, and so the signal/noise ratio is nearly 


(5) ACCURATE EXPRESSION FOR SIGNAL/NOISE RATIO 
(5.1) Signal Suppression due to Noise 

In the above Section it was assumed that the noise did not 
change the mean value of a sample. If the probability of error 
is not small, this effect cannot be neglected, and it can be 
evaluated as follows or by a method using probability generating 
functions^ as in Appendix 10.1. 

Let be the contribution of the rth pulse in a code group to 
the magnitude a of a sample which is undisturbed by noise, so 
that 

m 

a = S a,.(17) 

r=l 

If p^ is the probability that the rth pulse will be reversed by 
noise, its contribution to the output will be for a fraction 
(1 — p^) of the time and — a,, for a fraction p^ of the time. The 
mean value of its contribution is therefore 

df = (1 — Py)ciy + pX ^ z -) = (1 • • ( 1 ®) 

The mean value d of all samples which would have had a value 
a is consequently 

mm 

= 2 = S (1 - ^Pr)a, . 

r=l r=l 

If the probability of an error has the same value p for all pulses 
in a code group, 

d = (1 - 2 p) S = (1 - 2 p)a . . . (20) 

r=l 

This means that, if each pulse of a code group has a probability 
of being in error, the mean value of the code group is reduced in 
the ratio 1 to 1 - 2p. This statement is true for any number of 
digits. It implies that noise causes a reduction in signal ampli¬ 
tude without altering its form. 

It will be noticed that p has not been restricted. For example, 
if p = the mean signal value is zero; this is to be expected, for 
then each pulse of a group is equally likely to be positive or 
negative, no matter what was its original value. If p = L the 
mean signal is reversed in sign; this simply means that each 
pulse is bound to be inverted. 


^=1 

^P 

On a decibel scale this becomes 

10 log^ = - 10 logp - 4-3 decibels 

■P Na 


(5.2) Accurate Formula for Noise 

To evaluate the mean-square error, it is first noted that the 
mean-square signal measured from zero in the absence of noise is 


, m \2 m mm 

V,.= i / r = l r=l 


. ( 21 ) 


It is well to realize the significance of the numerical values of 
signal/noise ratios which may be encountered. It follows from 
eqn. (15) that when the signal/noise power ratio is 1 000 (30 dB) 
the appropriate value of p is 3/8 000. If the sampling frequency 
is 8kc/s and the number of pulses in a code group is m, there 
will be 8 OOOw pulses transmitted per second, of which 3m will 
be in error. So, on the average, a major error will occur three 
times per second. At 40 dB there will be a major error about 
once m three seconds. Such noise is more closely allied to 
impulse noise than to thermal noise, and its annoyance value is 
not necessarily the same as that of thermal noise of the same 
power. In particular, when the output signal/noise ratio is 
above 40 dB, the transmission can probably be regarded as being 
nearly perfect. 


The effect of an error is to reverse the affected pulse. This 
leaves the first term unchanged; terms of the second sum will be 
reversed if one or other of the factors is changed, but not both. 
The probability of this is p^(l — Py) + Pj{l ~~ Pi) when its effect is 
to subtract a quantity 2a^a;from the right-hand side of eqn. (21). 
Consequently, in the presence of noise, 

= 2 «? + 2 2 “ 2p,(i -P^ - 2p/i - P,)] 

(•=1 = = l 

= 2 + 2 2 a,a,{\ - 2 p, - 2 pj + 4p,p,.] . - (22) 

r=l r=l7=1 
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The square of the mean value in the 
eqn. (19), 


presence of noise is, from 


cv 


( 2 (1 - 


m m 


2^ (1 2p,)2«2 +2^ - 2p^ -2p + 4p,pj] 

.... (23) 

The noise component, which is the mean-square deviation about 
the mean value, is 


rfi = 




= 2 - (1 - 2p,)2] 

r= 1 •* 

m 

^ a}ApXi — p,) .(24) 

/•=i 

If all the probabilities take the same value p, 

—rr m 

n- = Ap(l - p) S a} = f Pd - p)A\l - .y2) _ (25) 

This expression, which applies for all values ofp, is more accurate 
than the previous expression, (14). It will be noticed that the 
noise power is zero both when = 0 and when p = 1 for the 
atter case implies simple reversal of signal with no randomness. 

aximum noise occurs when p ~ corresponding to a com¬ 
pletely random response, and in this case = ^A\\ - s'^). 
the value of noise is again independent of the signal level, and 
he assumption of equal spacing has resulted in simple inde¬ 
pendent expressions for both signal and noise. 

“PT readily seen that the signal/noise ratio for a reference 
gnal of the largest allowable amplitude when the pulses of the 
code group are all subject to a probability of error p is 


the number of digits in a code group is not too small (.y << l) 
and the audio band extends up to half the sampling repetition 
frequency. The zero level for signal and for noise is that of a 
reference tone of amplitude A in the absence of noise. On a 
linear scale of p the curves would be symmetrical about the value 
p = h corresponding to completely random operation of the 
receiver. The signal/noise ratio is also shown in Fig. 6 (curve 



= L 0 - 2 /^)" 1 

^Na 1 —- P 1 — y2 * 


. . (26) 


This may be multiplied hy fJ2f^ to allow for the effects of the 
low-pass filter. 

The signal power, noise power and signal/noise ratio are 
plotted on a decibel scale against p in Fig. 5, for the case when 


Fig. 6. Variation of signal/noise ratio with p for systems of 1 10 and 

100 links. ’ ’ 

for one link), where the broken lines represent the approximation 
derived in Section 4. The error in this approximate formula 
amounts to 0-5dB at a signal/noise ratio of lOdB and to 0’05dB 



Fig. 5.—Variation of signal power Ps, noise powerPjv, and signal/noise 
ratio PsIPn with probability of error p. 


(5.3) Multiple Links 

If two or more links are used in tandem, the pulses being 
regenerated at each stage, there will be some reduction of the 
signal/noise ratio. If the probability p that a pulse is in error 
IS sma.ll, after passage over M similar links the probability of an 
error is approximately Mp, the signal/noise ratio becoming 

Psa_ ^ 

Pna ^Mp .^ 27 ) 

shown in Section 10.2 that the 
probability of a change after transmission over M similar links is 

Pm = i[l - (1 - 2 p)M] .... (28) 
so that the accurate expression for the signal/noise ratio is 

_ 3 (1 - 2p)2M 1 

Pnu 2 1 - (1 - 2p)2M 1 _ .52 • • ■ (29) 

where it must be remembered thatp is the probability of an error 
after passage over only a single link. Qirves of signal/noise ratio 
are plotted m Fig. 6 as functions of p for various numbers of 
Imks, assummg that y < 1 and /^ = 2/^. 
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(6) SIGNAL/NOISE RATIOS AND THRESHOLD 
After finding the signal/noise ratio in terms of p, the probability 
of error, it is necessary to determine p in terms of the input 
signal/noise ratio. It is not difficult to do this for any practical 
system, but it will be convenient here to assume the simplest 
possible transmission system. A double-current line-communi¬ 
cation system will be taken; see Fig. 7. The pulses, equally likely 



Fig. 7.—^Pulse with superimposed probability distributions of 

Gaussian noise. 


to be positive or negative, will have amplitude V, but when sub¬ 
jected to a noisy transmission channel an amplitude V becomes 
subject to a random displacement which will be assumed to have 
a Gaussian distribution, of r.m.s. value Hq, say. 

The input signal/noise power ratio is readily seen to be 


(?). 

in 


V2 


ni 


(30) 


The probability of an error is given by the area passing the zero 
line (shown shaded in Fig. 7), namely 


1 




«oV(27r) 


exp (— u^jln^du 


( 31 ) 


The same probability of error is found if the pulse to be sent is 
negative: 

Curves for this system are given in Fig. 8 for transmission over 
1,10 and 100 links. They give the signal/noise ratio in the audio 
output when the filter passes frequencies up to half the sampling 



Fig. 8.—Variation of output signal/noise ratio with input 
signal/noise ratio. 


frequency; for other filters the signal/noise ratio is to be increased 
by 101og(/^/2y^) dB. These curves differ markedly from those 
for amplitude modulation, frequency modulation, or the normal 
pulse systems. The main feature is the enormous slope of 
the curves such that in the working range an increase of input 
signal/noise ratio of 1 dB gives an improvement of 10-15 dB. 

The output signal/noise ratio is low until the input signal/noise 
ratio exceeds about 10 dB, commonly known as the “threshold.” 

The curves for large numbers of links are shown to run quite 
closely alongside the curve for a single link. If they are examined 
closely, it will be foimd that at a given input signal/noise ratio 
the output value falls as the number of linlcs is increased in the 
same way as if amplitude or frequency modulation were used. 
The advantage of pulse code modulation lies in the high slope of 
the curves, which means that the fall due to increasing the 
number of links may be offset by a surprisingly small increase in 
the power used for each link. This may be illustrated by 
taking the somewhat extreme case of 100 links in tandem. The 
signal/noise ratio corresponding to a single link may be restored, 
if pulse code modulation is used, by an increase in power of less 
than 2dB in each linlc, whereas a more conventional system would 
need an increase of 20 dB. 

(7) CONCLUSIONS 

It has been shown that pulse code modulation has some 
decided advantages over conventional communication systems, 
particularly for transmission over a large number of links in 
tandem. The significant feature is the large increase of output 
signal/noise ratio consequent upon a change in input signal/noise 
ratio. It must not be forgotten, however, that inherent quan¬ 
tizing noise sets an upper limit to the signal/noise ratios attainable 
in speech transmission, 
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(10) APPENDICES 

(10.1) Evaluation of Output Signal and Noise 

Let there be m independent events, each of which may be 
positive or negative. Let the probability that the rth event be 
positive be p,.. The m events represent the reception of the m 
pulses in a code group, and a positive event represents an error. 
Suppose that a positive event contributes an amount x, and a 
negative one contributes y^. Then the probability generating 
function of the amplitude of the resultant is 

m 

p.g.f. = n [PrP’‘ + (1 — Pr)f^’'] 

/■=1 

The coefficient of P is the probability that the amplitude is z. 

The mean value and mean-square value of this amplitude are 
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required. Accordingly, if r is replaced by e« the moment 
generating function becomes 

m 

F(u) — n H- (1 — p, .)£">''•] 

r= 1 

The coefficient of ««/«! is the nth moment about zero. These 
coefficients are readily found by logarithmic differentiation: 

F'(u) ^ ^ x^PyS'^xr y^{l — p^e^yr 
F(u) Pre"-"''' + (1 — p,.)£"•>'’• 

F(u)F"(u) — F'\u) _ ^ jxjPyS"^’- + yj(l — Pr)s"yr 

FKli) { PrS"^^- + (1 - p,)£^y' 

— + Tr(l - 

[p,.a"-^»-+ (1 — p,.)e“J'»-]2 J 

Thus 

F(0) = 1, 

ni 

f'( 0 ) = S [x,;, -p,)], 

F'W-F'H0) = i[x}f, +yK>~Pr)]-S[^rPr+Ml-Fr)P 

r=l r=l 

m 

= S /’rd - PrXXr ~ y,)^ 

r=l 

F'(0) is the mean value and F"(0) - F'HO) is the mean-square 
value about the mean. 

To obtain the amplitude of the signal and the mean-square 
noise value in pulse code modulation write p^ = p. Then 

tn m 

Mean amplitude = p S + (1 ~ P)Yi Pr 

r~\ r=l 

m 

Mean square about the mean == p(l —p) ^ (x^ — 

r=l ^ ^ 

m 

But S yr is the undisturbed amplitude of the signal, a, and 

m ^ 

— a so that the mean amplitude in the presence of 

r=i 

noise is u(l — 2p). 


If y,- = ± -d/2'', so that x^ — + All'', the mean-square ampli¬ 
tude about the mean is 

_ m ^ 2 

= 4p(l -p) 2 r) 

m 1 

= 4p(l - p)A^- S ^ 

= fy(l -P)A\\ -^2) 
where s — Ijl'". 

(10.2) Transmission over a Number of Links 

In a chain of M links, let the probability of the reversal of a 
code pulse in transmission over the wth link be p„,. Then 
form a probability generating function 

M 

G{t) = n [p^r + (1 - p,„)] 

such that the probability of w reversals after transmission over 
the chain is the coefficient of An odd number of reversals 
gives an error, while an even number gives no error. The overall 
probability pj^ of an error is thus the sum of the coefficients of 
odd powers of t in G{t), given by 

Pm = i-[G(l) - G{- D] 

r M 

= i 1 - n (1 - 2pj 

L /w=l J 

On substituting p;,^ for p m eqn. (26) the signal/noise power ratio 
after transmission over the chain is found to be 

Ps _ 3 n(l - 2 pj 2 1 

Pn 2 1 - n(l - 2p„,)2 1 _ 52 

If the M links are similar, so that p™ has the same value p 
for each, 

Pm = i-[l “ (1 - 2py^] 

Ps _ 3 (1 - 2p)2M 1 

Pj^ 2 1 - (1 - 2p)2M 1 _ ^2 


and 
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SUMMARY 

The results of a theoretical analysis, supported by experimental 
measurements, show that very efficient aerials having interesting 
radiation patterns and useful impedance characteristics can be obtained 
by exciting metallic sheets with notches cut perpendicularly to an edge. 
If the notch is about A/4 deep, wide-bandwidth aerials can be obtained; 
but the detail of the polar diagram may be quite sensitive to frequency, 
depending on the shape and size of the sheet. If the notch is small 
compared with the wavelength, it may still be tuned over a wide 
frequency band and used as an efficient aerial. Examples are given 
of the application of these small notches as aircraft aerials. 


(1) INTRODUCTION 

Considerable research and development work has been carried 
out by the Ministry of Supply on the design of aerials for high¬ 
speed aircraft,and those discussed in the paper are based on 
the properties of an open-end slot, or notch, cut perpendicularly 
to the edge of a metallic sheet. A brief mention of one application 
of this type of aerial is made in a paper by Cary,^ but the general 
properties have not previously been described. It is a very 
versatile aerial, and can be used as a wide-band aerial when the 
dimensions are similar to wide-band strip unipoles, or—more 
remarkably—as a very efficient way of exciting an aircraft as a 
radiator even when the notch is very short in terms of the wave¬ 
length. The term “nitch” was coined in the laboratory con¬ 
cerned with the development to distinguish these short aerials 
from notches of the order of a quarter of a wavelength in 
principal dimension. 

(2) DISCUSSION OF THE THEORY OF THE AERIAL 
(2.1) The Theoretical Problem Considered 

The performance of slot and dipole aerials may be related by 
the application of Babinet’s principle, as first shown by Booker.^ 
The Babinet analogue of a notch aerial is a unipole normal to the 
straight edge of the plane conducting sheet and lying in the plane 
of the sheet. The problem chosen for theoretical analysis, by 
reason of its relative simplicity, was that of a current element 
lying in the plane of a semi-infinite perfectly-conducting sheet 
normal to the edge. 

Fig. 1 shows the positions of the current element and sheet 
relative to a system of spherical co-ordinates which are used to 
describe the polar diagrams, and solutions were obtained for 
two cases. The first gave the field anywhere, for a current 
element at an infinitesimal distance from the sheet. The 
problem was solved by verifying whether solutions which 
seemed reasonable fitted the assumed boundary conditions. 
In the second approach, expressions were derived for the 
distant field of a current element on the bisector of a comer 
reflector, using the method of images in a corner of angle Trjn, 
where n is an integer. If the angle is then made 360° (n,= i), 
the current element is again perpendicular to the edge of a sheet. 
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Pig. 1 ._The co-ordinate system used to describe polar diagrams. 

but this time the current element may be at a finite distance from 
the edge, and by superposition the correct distant field for any 
assumed current distribution on unipoles of finite size can be 
obtained. The transformation to the case where n is non¬ 
integral was later justified for the case « — by computing the 
distant field in the plane for 0 = 7r/2 in the co-ordinate system 
shown in Fig. 1, using a solution due to Sommerfeld for the 
diffraction pattern of a plane wave incident upon a semi-infinite 
sheet. The same polar pattern was obtained by botli methods. 
Moullin^ has met the same mathematical difficulty in his 
investigations on corner reflectors. 

Computations based on this analysis have been made for 
aerials up to 0 ■ 3A long, the principal results of which are given 
in the following Sections. The practical examples given are 
restricted to the region where the aerial is short compared with 
a wavelength. 

(2.2) Radiation Pattern of a Unipole on the Edge of a Semi- 

Infinite Sheet 

For a current element at an infinitesimal distance from the 
edge 


^ cos 0 . , 

. . . (1) 


. . . (2) 


These expressions use the co-ordinate system shown in Fig. 1, 
in which 6 is measured in the plane of the sheet with the aerial 
element as origin, and f/> is measured in the plane through the 
origin perpendicular to the sheet and its edge. £o and E,,, are 
the electric-field vectors parallel to these two planes. 

It will be noticed that there is no radiation in the direction of 
the unipole on the side not occupied by the sheet (0 — ttII). 
The field becomes infinite at the edge (0 = 0) and is finite in the 
direction of the unipole on the same side of the sheet. These 
results may seem a little surprising, but are direct consequences 
of the assumption of a sheet of infinite extent. 


[211] 
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(2.3) Radiation Resistance of a Unipole on a Semi-Infinite Sheet 

For a unipole of finite length, I, carrying a sinusoidal dis¬ 
tribution of current—which seems to be a fair approximation 
for unipoles up to 0-3A long—the radiation resistance referred 
to the base is 


^i^ = f>?[C(|8/)-cos(j8/)S(^/)]2 ... (3) 

where rj is the intrinsic resistance of free space as defined by 
Booker^ and has the value 377 ohms, /S = Itt/X, and C and S 
denote the Fresnel integrals. 



cos t , 


sin / 

v^r 

*■^0 


If the unipole is so short that we can assume that the current 
distribution is linear, eqn. (3) reduces to 


^" = 3’’a 


(4) 



Fig. 2.—^Variation of current density with angle at fixed distance from 

the origin. 


It is interesting to compare Rp with the radiation resistance of 
an ordinary unipole above a ground plane, referred to the base. 
Whereas the latter is proportional to the square of the length of 
the unipole for lengths short compared with a wavelength, in 
the present case Rp rises in direct proportion to the length. T his 
leads to a reasonable value for the feed-point resistance, even 
for very short unipoles, and good efficiency in a practical aerial 
may therefore be reasonably expected. 

(2.4) Reactance of a Unipole on a Semi-Infinite Sheet 

With wire aerials it is usual to compute an approximate value 
for their input reactance by application of the theory of uniform 
or slightly non-uniform transmission lines. In both cases it is 
necessary to determine the average characteristic impedance of 
the aerial, and in the second case the deviation from the average 
is required. It has been calculated that the characteristic im¬ 
pedance at a distance x along the unipole from the sheet 
is 60 logg(8x/<7) and the average characteristic impedance, 

^av> 8^/^ — 1) for a cylindrical unipole of length / and 
diameter d. 

For a rectangular strip of length / and width w the corre- 
spondmg formulae are 


16x 


60 loge ~ and 60 log, - A 
w \ w J 


(2.5) Current in the Sheet 

The current has a radial component only. The current densit 
becomes mfinite at the edge of the sheet, the total radial curren 
at any given distance from the origin remaining finite. Th 
variation of current density with angle 0 at a fixed distanc 
trom the origm is shown in Fig. 2. 

(2.6) Notch Aerials on Semi-Infinite Sheets 

waTOs^e?di f'^n principle for electromagnets 

waves leads to the foUowmg results for a notch cut in the edg 

ffiat Pattern is the same a 

pdarLation direction o 

The ladiation resistance is given by 


Rr 


2 y 


3[C(^0 - cot/3iS(^/)]2 • • • ( 

referred to the voltage Vp at the top of the notch. This relatic 



Fig. 3.—Radiation resistance of nitch aerials. 

(а) R^: referred to voltage loop. 

(б) Rj,: referred to top of nitch. 


is plotted in Fig. 3, together with the radiation resistance Rq 
referred to the voltage loop Vq. When the length / is smaller 
than 0 - lA a good approximation is 


The reactance appearing in shunt across the mouth of the 
nitch m3-y be taken approximately as that of a short-circuited 
transmission line having a characteristic impedance 


607t2 


log, 


16x 

w 


. . ( 6 ) 
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and an average characteristic impedance 


^av 


lo& 


1^/ 

w 


-1 



where w is the width of the notch, / is its length, and x is the 
distance from the edge of the sheet at which is computed. 
The reactance is therefore easily computed. 

The line of current flow near the origin for a small notch— 
a nitch—takes the simple form sin 6 , where C is a pro¬ 
portionality factor. Two typical ones are shown in Fig. 4, and 
it will be seen that the current has both a radial and tangential 
component. 




Fig. 4.—Typical lines of current flow in a sheet carrying a nitch. 


C“) 



(2.7) Notch Aerials on Finite Sheets 

In practice, the sheet will always be finite in extent, and the 
above theoretical results must be modified to suit a practical case 
before it can be tested experimentally. For simplicity, only cases 
where the unipole or notch is symmetrical with respect to its 
axis will be considered. 

By analogy with other aerial problems, e.g. a short unipole over 
a finite counterpoise, it may be expected that the expression 
derived for radiation resistance is accurate within a few per cent 
if the sheet extends for a distance of the order of a wavelength 
from the nitch. The reactance is due to the induction field, 
which is significant only in the immediate vicinity of the notch 
or unipole and should therefore be independent of the size of 
the sheet if it is not extremely small. 

The radiation pattern may be modified considerably on a finite 
sheet, but in a sheet of three wavelengths extent it is assumed that 
the basic current distributions are unaffected near the aerial, and 
that reflections of current waves from the edges cannot contribute 
much power to the radiation and will not change the basic nature 
of the diagram. Within the limit of these assumptions, some 
qualitative conclusions as to type of polar diagram can be drawn 
without detailed computation. 

The diagrams to be expected are shown for the three principal 
sections in Fig. 5. 

For the semi-infinite sheet there is no component Eq on the 
side of the sheet, and Eq has opposite directions on the two sides. 
Therefore, there should be no field immediately to the rear of the 
notch. There will be some diffraction in the rear sector. The 
zeros for E^ in the direction of the edge may be explained by 
the cancellation of the fields on the two sides of the sheet, or by 
considering the current components parallel to the edge. 

Because the reflected waves have been neglected, there will be 
more or less pronormced fluctuations on these basic patterns, 
depending on the actual dimensions of the sheet. One particular 
case has been computed for one cross-section of the radiation 
pattern for one direction of the polarization by the application 
of first-order diffraction theory. The example chosen was that 
of a semi-circular sheet of radius 1-75A with the notch in the 
centre of the straight side; the result of the computation is given 
m Fig. 6, 

VoL, 102, Part B. 
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Fig. 5.—Polar diagrams of a nitch aerial. 

(a) In plane 0 = tt/2, — 7t/2. 
lb) In plane <t> — 180°, 0°. 

(c) In plane 0 = 0°. 

(i) 

(ii) Eq. 



Fig. 6.—Theoretical polar diagram for a nitch in a semicircular sheet. 


(o) Sheet of radius 1-75X. 
( b) Semi-infinite sheet. , 
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(3) EXPERIMENTAL RESULTS ON UNIPOLE AND NOTCH 

AERIALS 

(3.1) Impedance Measurements 

A unipole was mounted above the top edge of a vertical sheet 
of tin-plate 9 ft square, and impedance measurements were made. 
The sheet could be extended to twice its horizontal extent by 
adding extra pieces, but no significant change of impedance could 
be measured, so confirming the assumption made in the theoretical 
discussion. A typical set of measurements is given in Fig. 7 



Fig. 7.—Impedance of unipole on the edge of a sheet. 

(a) Computed resistance without shunt capacitance, 

(Jb) Computed reactance without shunt capacitance. 

(c) Computed resistance with 1 np-F shunt capacitance. 

{d) Computed reactance with 1 ixnF shunt capacitance. 

O G O Measured values. 

for a unipole 2mm in diameter and 18 •2cm long in the frequency 
band 400-500 Mc/s. Curve («) is the theoretical radiation 
resistance from eqn. (3) and curve (6) is the reactance obtained 
from the slope 

c)a: _ Irrl 

of the reactance curve in the vicinity of the first resonant wave¬ 
length, assuming a “shortening” effect on the unipole of 8%. 

is found from the theoretical expression already given to be 
335 ohms. The measured values are seen to be of the correct 
order, but do not follow the theoretical curves {a) and {b) very 
closely. The theory neglects unavoidable base capacitance in 
the join between the unipole and the measuring cable. If it is 
assumed that there is an effective base capacitance of 1 jUjitF and 
the theoretical values are recalculated, curves (c) and {d) are 
obtained. These are a reasonably good fit to the measurements. 

(3.2) Radiation-Pattern Measurements 

Measurements were made of the three main cross-sections of 
the polar diagram for a notch and a unipole on a rectangular 
sheet measuring 8ft 11 in by 3ft at 390Mc/s, corresponding in size 
with the assumptions made in the theoretical discussion. The 
notch was 5in long and fin wide, and was fed by a concentric 


cable. The inner conductor of the cable was connected to one 
side of the notch and the outer to the other side. The unipole was 
6in long and about iin diameter, and was fed directly from a 
cable. In order to prevent radiation from currents on the outer 
sheath of the concentric cable, it was decoupled by a quarter- 
wave choke where it left the sheet. The patterns were in good 
general agreement with theoretical predictions, typical examples 
being shown in Fig. 8. 

The polar diagram for the notch in a rectangular sheet was 
measured at various frequencies, and while the general main 
characteristics remained similar to that predicted in the approxi¬ 
mate theory given in Section 2.7, the variation in detail was 
considerable, and varied rapidly with frequency, particularly in 
the planes normal to the notch axis. Measurements on a semi¬ 
circular sheet were carried out, and here again the detail varied 
rapidly with frequency. The pattern' most similar to the com¬ 
puted one (Fig. 6) is shown in Fig. 9, which was obtained at a 
frequency 2% lower than predicted. As the theory is a first- 
order approximation, this may be acceptable as good agreement. 
Another interesting point is that very similar diagrams may be 
obtained from semi-circular and rectangular sheets if the diameter 
is about 5 % longer than the side of the rectangle. 

(4) PRACTICAL APPLICATIONS OF THE SHORT NOTCH, OR 
NITCH, AERIAL TO AIRCRAFT 

(4.1) Vertical Polarized System at Very High Frequencies 

The nitch aerial is essentially a device with a lairly high 
Q-factor, and therefore in its practical applications may be used 
either as a fixed tuned aerial over a narrow frequency band, or in 
association with a tuning unit over a wider frequency band. 

For single-frequency reception in the region of 100 Mc/s a 
very small nitch, only about Sin long, is adequate. Since many 
v.h.f. systems operate with vertical polarization, it is natural to 
try to excite the vertical tail-fin of an aircraft as an aerial. 

For purposes of test a full-size tail-fin for a small aircraft, 
34 in high and 24 in wide, was made. A 7 ft square of sheet metal 
mounted upon a wooden frame was used as earth plane, with 
the fin mounted at the centre. The whole could be rotated so 
that polar diagrams could be measured. 

A comprehensive model of a complete aircraft was not 
attempted in this experiment, as while modifications to polar 
diagram shapes by aircraft structure are inevitable, it was more 
important to establish the basic polar diagram of the fin radiator 
than to study aircraft effects. Two nitches, 31-in deep and lin 
wide, were cut in the leading edge of the fin, spaced 4in apart, 
with the lower one 4in from the counterpoise. 

The nitches were tuned and fed according to the circuit shown 
in Fig. 10. The construction adopted was a copper shell which 
fitted the hole cut into the fin, supported by a solid-block of 
Perspex machined to the fin contour. This makes a compact 
aerial unit which is easily manufactured, transported and 
assembled. In a v.h.f. nitch about A/30 long a filling of Perspex 
has no measurable electrical effect. 

The reactance of a nitch of characteristic impedance Zq and 
electrical length d is Z=y'Zotan(9, which is approximately 
jZffi, since 6 is small. 'When the nitch is filled with material of 
permittivity e, the characteristic impedance is reduced by 
and the electrical length is increased by ‘s/e. Therefore 

Z ~ 

jV^ 

i.e. the reactance is unchanged by a solid dielectric filling. The 
dielectric loss in the Perspex was insignificant at these frequencies. 

Apart from the convenience of having a solid unit to handle, 
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Fig. 8.—Measured polar diagrams of a nitch aerial in a rectangular sheet. 


(a) Normal to sheet, 
(i) In plane of sheet. 


(c) normal to axis of nitch, 

(d) Eq normal to axis of nitch. 


90 “ 



Fig. 9.—Measured polar diagram of a nitch aerial in a 
semicircular sheet. 
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Fig. 10.—^Dimensions and circuit of a nitch aerial. 

a solid filling provides rigid support for the tuning condenser 
and some stiffening of the leading edge and skin of the fin. 

The radiation resistance of the nitch when mounted in the fin 
was about 1 000 ohms and the Q-factor was about 35. This is 
of the same order as predicted by theory for a nitch in a lamina, 
and feed points were easily found for a 50-ohm cable. Although 
the two nitches were only 4 in apart, provided that they were not 
tuned to the same frequency there was no mutual interference. 
In one experiment one nitch was used for transmission while the 
other was used simultaneously for reception in a 2-frequency 
duplex system. There was less transmitter-receiver interference 
with this arrangement than there was when using the same 
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equipment on two whip aerials 6 ft apart. This, of course, is 
due to the high Q-factor of the nitches, but the experiment 
indicates one way of using the aerial’s properties to good effect. 
The polar diagram of the nitch in the experimental rig is given 


o“ 



Fig. H.—Comparative polar diagrams of nitch and whip aerials. 

— X — X — Nitch aerial. 

—O—O— Whip aerial. 

in Fig. 11, together with that of a whip aerial on the same earth 
plane. Integration of the polar diagram shows that the mean 
gain of the nitch in the horizontal plane is 88 % of that of the 
whip. The polar diagram of the nitch is suflBciently close to a 
circle to be perfectly acceptable for aircraft communication pur¬ 
poses, as subsequent trials of the unit in aircraft have shown. 

(4.2) A Horizontally-Polarized System 

One of the internationally agreed navigational aids for aircraft 
is a v.h.f. instrument landing system which requires the aircraft 
to be able to receive a horizontally-polarized signal in the band 
112-118 Mc/s with substantially uniform sensitivity in all 
azimuthal directions. If the aerial is sensitive to vertically 
polarized radiation, errors due to spurious vertically-polarized 
radiation from the ground aerial may become apparent. These 
signals mark out an approach path for the aircraft in azimuth. 
Similar requirements are called for at 400 Mc/s for an approach 
path in elevation, known as the glide path. 

It is therefore most important that the aircraft aerials, par¬ 
ticularly in the forward sector in approach attitude, should 
conform very closely to ideal horizontally-polarized aerials. 

A notch in a wing has excellent polarization characteristics, 
and provided that it can be mounted to give a reasonably circular 
polar diagram, provides an excellent solution to the problem. 

^ The position should be on, or as close as possible to, the wing 
tip of the aircraft, and typical polar diagrams are given in Fig. 12. 
It will be noticed that when the notch is actually at the tip the 
polar diagram is, for practical purposes, reasonably circular, but 
in the leading-edge position a much less circular pattern is pro¬ 
duced. For positions further inboard stOl, a much more pro- 
noimced lobe stracture, varying rapidly with frequency and quite 
useless for omnidirectional applications, is produced. 



320° 330° 340° 350°+i0dBI0° 20° 30° 40° 



220° 210° 200° 190° 100° 170° 160° 150° 140° 

C^) 


Fig. 12.—Polar diagrams for nitch aerials in a small aircraft. 

-^- In the air. 

-On the ground. 

(а) Wing-tip aerial. 

(б) Leading-edge aerial. 


These diagrams were taken on a full-scale aircraft in the course 
of the engineering development of the aerial, and illustrate the 
degree of agreement which is normally acceptable for practical 
purposes between ground and air tests. 

Provided that the ground measurements are made on a large 
enough site with reasonable precautions, sufficient information 
can be obtained to predict the polar diagram obtainable in the 
air to this order of accuracy from a simulated installation of the 
aerial. This is a most important practical consideration when 
one bears in mind the high cost of completing a flyable installa¬ 
tion in an aircraft and carrying out the flight tests. 

Having established the principle that a notch in the wing tip 
would produce an acceptable polar diagram, it was necessary to 
expend a considerable amount of engineering effort in apply¬ 
ing the basic principles of the notch aerial to a design which 
was at once easy to mass-produce, applicable to a wide variety 
of wing sections, and of mmimum size, to meet the itnpe- 
dance/bandwidth requirements. The solution obtained was to 
make a U-shaped framework of steel, tuned with a preset con¬ 
denser across the mouth, and fed by a tap terminating in a socket 
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to which a connector could he plugged after installation. A 
second condenser was inserted in series with the tap to improve 
the impedance match over the frequency band. The first-order 
effect of mounting this unit in wings of different cross-section is 
to vary the characteristic impedance of the notch, but not the 
radiation resistance. Consequently, a selection of the correct 
value of the preset condenser across the mouth is sufficient to 
adapt a universal unit to many aircraft. The unit is installed 
in the wing tip near the wing-tip light, and the notch is after¬ 
wards covered with a piece of glass-fibre laminate screwed into 
the edge, thus restoring the contour of the wing and adding to 
the stiffness of the structure. A similar design, but of only one- 
quarter the size, has been equally successful for the 400-Mc/s 
requirement for the glide-path application. 



(4.3) The Notch Aerial for H.F. Communication Systems 
The notch aerial can make a contribution to the problem of 
providing suppressed aerials for aircraft transmission in the h.f. 
communication band from about 2 • 5 to 20 Mc/s. If the aircraft 
has a large tail-fin it is possible to excite this by inserting a notch 
somewhere near the base and so obtain a polar diagram very 
similar to those described by Cary^ for systems using insulated 
tails. The notch has the great structural advantage that no 
reliance is placed on a strip of insulating material to carry 
structural loads, and no elaborate precautions against structural 
damage by lightning need be taken, since the whole tail structure 
is one connected piece of metal. 

Less satisfactory polar diagrams, but none the less quite useful 
ones at many frequencies in the band, can be obtained by inserting 


340° O 20° 



Fig. 13.—Polar diagrams for nitch aerials in a Lancaster. 

(а) At 15-055 Mc/s. 

(б) At 7-308 Mc/s. 



Fig. 14.—Input impedance of h.f. notch. 



JOHNSON: THE NOTCH AERIAL AND SOME APPLICATIONS TO AIRCRAFT RADIO INSTALLATIONS 


a notch in the trailing edge of the wing, where the aerodynamic 
loads are light. Here the radiation is predominantly horizontally 
polarized, which is of no practical consequence when long¬ 
distance transmission involving ionospheric reflection is involved. 
Experience so far obtained with excited whig aerials shows that 
there is normally sufficient vertically-polarized radiation to give 
usable direct-ray ranges in the majority of cases with vertical 
ground aerials. Extensive flight trials have also shown that 
although the polar diagram in the azimuthal plane is very 
irregular, at long ranges communication may be mahitained 
quite suiprisingly well for all aircraft azimuths. 

The conclusion drawn, therefore, is that, while wing excited 
aerials are not by any means ideal, they are not as unreliable as 
might be thought from an examination of the polar diagi'am in 
the azimuthal plane for horizontally-polarized radiation. A 
typical pattern produced by an experimental notch installation 
in the trailing edge of a Lancaster aircraft is given in Fig. 13(u). 
In most cases the patterns are quite asymmetric and irregular. 
It was only by very careful selection of frequency that a pattern 
approximating to that of the wing radiating as a horizontal dipole 
could be obtained, and such a special case is shown in Fig. 1 3(b). 

For structural reasons, the greatest depth of nitch which air¬ 
craft designers are normally prepared to accept with reasonable 
equanimity is about 40 in, and a typical curve of input resistance 
and reactance of such a deep nitch for a fixed feed-point is given 
in Fig. 14. The resistance falls quite rapidly at frequencies lower 
than 4Mc/s; the lower limit at which it is possible to use an 
aerial of these dimensions depends upon the losses in the matching 
unit, the efficiency acceptable, the particular configuration of the 
aircraft and, for the transmitting aerial, the voltage which can 
be accepted across the aerial system when timed to resonance. 

For frequencies above 2-5 Mc/s successful tuning units have 
been evolved. The principle of feeding the nitch is the same as 
at higher frequencies, but now, as the frequency range is 2-5 to 
20 Mc/s and the Q-factor of the nitch is high, it is necessary to 
retune the nitch at each frequency and provide for this to be done 
either automatically in step with frequency-change mechanism in 
the transmitter or manually by an operator. It is necessary to 
enclose the tuning unit in a container filled either with oil or 
air at atmospheric pressure or higher to prevent corona dis¬ 


charges at high altitudes. The unit is tucked mside the aero¬ 
dynamic fairing directly beside the nitch which it tunes, and the 
nitch itself would be quite invisible when faired in with insulating 
material and given a surface finish. These and other applications 
of the nitch aerial are protected by patent.^ 

(5) CONCLUSION AND ACKNOWLEDGMENTS 
The investigations carried out as described in the paper for 
exciting aircraft wmgs and similar structures have provided 
alternative and improved solutions to some of the problems of 
designing suppressed aerials for modern aircraft. The method 
is versatile and has been already applied successfully to systems 
as diverse in frequency as 2-5 Mc/s and 500 Mc/s. 

Such an extensive programme as the one described has 
received assistance from many sources inside the Royal Aircraft 
Establishment, and a general acknowledgment is therefore made 
to the staff concerned. In particular, the author is indebted to 
Mr. P. Rothe for very extensive analytical and computational 
work on the theoretical examples. The paper is published by 
permission of the Chief Scientist, Ministry of Supply, and the 
Controller, H.M. Stationery Office. 
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SUMMARY 

Ab account is given of the influence of surface texture on the per¬ 
formance of microwave components and instruments. Methods of 
measurement are discussed, and a description of a simple scale for 
comparing surface textures is given, together with brief details of 
manufacture. The range of surface finishes and the methods of 
fabrication cover those used in modern manufacturing methods in this 
field. 


conditions, such as at very low temperatures, when the mean 
free path of the conducting electrons is comparable with the skin 
depth.5 



(1) MICROWAVE SURFACES 

In microwave structures^ the most important parts are the 
volumes in or around which the electric and magnetic fields 
exist and the surfaces carrying the radio-frequency currents. At 
these high frequencies the current amplitude decays very rapidly 
with distance from the surface towards the interior of the con¬ 
ductor, and for practical purposes the entire current can be 
considered to flow in an effective thickness close to the surface 
termed the skin depth. This thickness, which is inversely pro¬ 
portional to the square root of the frequency, is given in Table 1 
for high-conductivity copper, the units being microinches. For 
comparison, the wavelength of green light is 22 microinches, 
while at 50c/s the skin depth is approximately 0-5 in. 


Table 1 

Skin Depth for Copper at Various Frequencies 


Frequency, Gc/s 

3 

10 

30 

100 

300 

Wavelength, mm 

100 

33 

10 

3-3 

1-0 

Skin depth, microinches 

50 

29 

16 

9 

5 




Fig. 1.—Increase of current path-length with surface roughness. 

(а) Surface roughness zero. 

(б) Surface roughness small compared with the skin depth. The long period 
secondary texture is also shown. 

(c) Surface rougliness large compared with the skin depth. 


The thickness is also proportional to the square root of the 
resistivity of the conducting metal, and for other materials must 
be multiplied by the factor given in Table 2. It has been shown^ 

Table 2 

Resistivity and Multiplier for Skin Depth for Various 

Metals 


Material 

Resistivity, 

microhm-ciTi 

Multiplier 

Silver .. 

1-56 

0-98 

Copper 

1-62 

1-00 

Silver, 7i% Copper 

1-80 

1-06 

Aluminium.. .. 

2-83 

1-30 

Brass, 90% Copper 

3-90 

1-55 

Brass, 70% Copper 

6-52 

2-00 


that the attenuation coefficient of microwave structures is 
inversely proportional to the skin depth. This ignores changes 
in attenuation due to imperfections in the surface caused by 
faulty finishing or treatments.^ and those occurring in special 
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It will be seen from Fig. 1 that unless the surface is smooth 
to the order of the skin depth the currents will traverse longer 
paths. Thus the attenuation of a wave travelling along the line 
will be increased, or the Q-factor of a resonant structure will be 
decreased. It has, for example, been shown by S. P. Morgan^ 
that for a surface roughness equal to the skin depth the attenua¬ 
tion coefficient is increased by a factor 1-60; when it is twice the 
skin depth the factor is 1 * 80, and for one-half the skin depth it 
is 1' 20. Thus in all cases where low attenuation is of importance 
the surface roughness should be kept at a minimum and preferably 
not exceed a value equal to about one-half the skin depth. 

In the past, it has been customary in reports, drawings and 
specifications relating to microwave structures to describe the 
current-carrying surfaces in such terms as smooth, mirror finish, 
highest possible finish, etc. These terms have proved unsatis¬ 
factory and this fact has been one of the reasons why the manu¬ 
facture of microwave structures cannot be expressed in ordinary 
engineering terms. Recently, however, there has been a ten¬ 
dency'^. 8.9 to specify the surface texture in microinch limits. 
This is mainly due to the more severe performance requirements 
of microwave equipment and the extension of the working wave¬ 
bands to the millimetre wavelength region. Thus it is evident 
that manufacturers and others concerned with microwave struc¬ 
ture must have some means of measuring or comparing surface 
finishes of this order. 
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The increase in the current path-lengths is mostly due to the 
primary texture, i.e. the roughness which results from the action 
of the tool. The effect of secondary texture, such as long-period 
waviness, resulting from imperfection in the performance of the 
tool, is small, provided that, as is usual, the depths of the irregu¬ 
larities are much less than a free-space wavelength and are within 
the dimensional tolerances required. 

An ideal machine would measure the increase in the linear 
dimension of the surface caused by the roughness, but the author 
is not aware of such a device. The normal practice^°«*^ in this 
country is to traverse a mechanical stylus, the radius of whose 
tip does not exceed 0*0001 in, over a short sampling length 
of the surface, the deviations of the stylus, after amplification, 
being recorded on a moving chart or displayed on an integrating 
meter. Such a meter gives what is termed the centre-line- 
average height of the irregularities. An alternative basis for 
assessment is the r.m.s. value of the surface roughness, which is 
more commonly used in the United States. For most types of 
surface this is Tr/2-\/2 or 1*11 times^^ the centre-line-average 
figure, a factor which, in practice, can be ignored. Very fine 
surface textures can also be determined by optical interference; 
the lack of parallelism of fringes between the surface under test 
and that of an optically flat glass plate is a measure of the 
roughness. 

Such machines as described above are expensive and are usually 
installed in laboratories or standard rooms remote from the 
workshop. A much more convenient but not, of course, such 
an accurate method is to employ comparator plates of Imown 
surface finish. These have been used in the United States for 
general engineering work, but the finishes are too coarse and 
are not of the right type for microwave work. The grades of 
surface texture have recently been standardized,^* the centre-line- 
average figures ranging from 1 to 1000 microinches. For 
microwave work, values ranging from 2 to 63 microinches are 
usual and have been chosen, with various methods of finishing, 
for the comparator scale described below. 


(2) SURFACE-TEXTURE COMPARATOR SCALE 

The shapes of microwave structures are complicated and a 
variety of operations are used in their manufacture. Some 
examples, with approximate surface finishes, are given in Table 3. 

In those operations which produce a surface texture having a 
directional quality or lay the method of manufacture should be 
such that this is parallel to the current flow where this is unidirec¬ 
tional. In other cases, the method of finishing or fabrication will 
depend on the shape of the structure and on the dimensional 
accuracy. The latter requhrement almost invariably excludes any 
polishing or buffing operation, although these can give very 
smooth surfaces. Such operations are, in any case, not recom¬ 
mended for microwave structures since they tend to form an 
amorphous low-conductivity Beilby layer,*^ which may have a 
thickness up to one microinch. 

Most of the listed methods of fabrication can be put into one 
of three classes. The first class has little or no lay and mcludes 
grinding, lapping, honing, super-finishing, polishing as well as 
casting methods and powder metallurgy. The second is carried 
out with sharp pointed tools and has a lay in the direction of the 
movement of the work with respect to the tool, irrespective of 
which is fixed and whether the motion is in a straight line or in 
an arc. Operations in this class include turning, boring, fly¬ 
cutting, planing; similar textures are given by extrusion, drawing 
and bobbing. In the third class the tool is broad and the lay 
tends to be parallel to the width of the tool and at right angles to 
the relative movement of the work. This class includes roller 
milling, broaching, reaming, scraping and burnishing. 


Table 3 

Surface Finish for Various Methods of Fabrication 


Method of machining or fabrication 

Microinches 

Turning, preliminary finish .. 

63 to 125 

Turning, ordinary finish 

32 to 63 

Turning, fine, ferrous metals 

8 to 32 

Turning, fine, non-ferrous metals .. 

4 to 16 

Diamond turning, non-ferrous metals 

2 to 8 

Boring, ordinary 

16 to 32 

Boring, fine, ferrous metals .. 

8 to 16 

Boring, fine, non-ferrous metals 

4 to 8 

Diamond boring, non-ferrous metals 

2 to 4 

Planing, ordinary 

16 to 63 

Planing, fine .. 

8 to 16 

Extrusion or drawing, mirror finish.. 

8 to 32 

Hobbing 

8 to 32 

Milling, ordinary 

32 to 63 

Milling, fine 

8 to 32 

Reaming, ordinary 

16 to 32 

Reaming, fine .. 

4 to 16 

Broaching, ordinary. 

16 to 32 

Broaching, fine . 

4 to 16 

Scraping . 

8 to 32 

Burnishing . 

2 to 8 

Grinding, ordinary 

16 to 32 

Grinding, fine .. 

8 to 16 

Grinding, superfine. 

2 to 8 

Honing. 

1 to 8 

Lapping . 

1 to 4 

Super finishing.. 

1 to 4 

Polishing 

1 to 2 

Casting, investment. 

63 to 125 

Casting, polished dies 

4 to 32 

Powder metallurgy. 

63 to 125 


In order to facilitate comparison of surface textures, it is 
desirable that the comparator scale should include all three 
different classes of finish, since the values given refer to measure¬ 
ments in a direction approximately at right angles to the lay. 
This gives a different appearance and sense of touch to the 
surfaces. 

After much consideration and the preparation of samples, the 
following series were chosen as being the most useful in micro- 
wave work, the finishes being given m microinches (centre-line- 
average): lap 2, grind 4, 8, 16, 32 and 63, turn 8, 16, 32 and 63, 
mill 32 and 63. The comparison was intended to be done by 
sight and touch, and since most microwave surfaces are metallic 
it was further decided that the comparator scales should also 
be in metal rather than in materials such as plastics. 

The mdividual production of master scales, whilst probably 
the best method, would have made them so expensive that only a 
very few could have been made. It was therefore decided to 
produce them as copies by electro-deposition from a master, the 
simplest method being the technique followed in the production 
of gramophone records. Thus the appropriate finishes were put 
on the ends of cylindrical plugs, which were then mounted in a 
circular copper disc. In order to obtain the highest finishes, and 
to prevent errors due to corrosion, these plugs were made of 
stainless steel. To reduce the cost of production three identical 
sets of finishes were mounted on the disc, and after this had been 
engi'aved with lettering and border lines the final appearance was 
as in Fig. 2. 

From this master disc a negative copy was first of all made by 
electro-deposition in nickel, the reverse side being masked off. 
From this negative, pressings could have been obtained in plastic, 
but, in the method adopted, positive copies were made in copper 
by further electro-deposition. For permanence, the face of the 
copies were given a chromium flash and to give rigidity the plates 
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Fig. 2.—Copper disc with master roughness scales. 

The diameter of the disc is 12in with thickness iin. Three identical scales are incorporated for economy in production. 

The roughness patches are on stainless-steel inserts. 


were backed by soldering to them thin copper discs to give a 
total thickness of about The scales were then cut out and 

trimmed to the outer border line to form the completed article 
shown in Fig. 3. 

These scales have proved convenient to use and some mention 
might be made of the accuracy of measurement. The main 
error is in the uncertainty of comparison in spite of the precau¬ 
tions taken in design. For example, one would expect two 
identical surfaces to appear to have different textures if that under 
test involved a different metal from that of the comparator. 
There are also errors arising from imperfections in the master, 
small changes occurring in the processes of reproduction and 
variations of texture over the surfaces of the standard and the 
specimen. Provided care is taken in the visual and tactile 
estimation, the overall accuracy is to within one-half of a scale 
step. This is considered a reasonable performance in a simple 
device for the estimation of surface textures of microwave 
structures. 
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SUMMARY 

An account is given of the use of electroforming techniques as an 
accurate^,and economical method for the manufacture of waveguide 
components and instruments. Particular reference is made to those 
for millimetre wavelengths, but some of the techniques can, with 
advantage, be applied to those for the centimetre wavebands. The 
development of improved methods and processes, including periodic- 
reverse-current plating, is described. Methods of manufacture using 
both permanent and disposable formers are discussed and especial 
attention is given to the design of the electroformed pieces for ease of 
subsequent machining. Examples of this technique are given and 
some electrical and mechanical data are quoted. 


(1) INTRODUCTION 

Radio-frequency structures for operation within the frequency 
range 30-300Gc/s (wavelength 10-1 mm) follow generally those 
for the centimetric waveband in being made mainly from portions 
of waveguide transmission lines. Extensive literaturehas been 
devoted to their design, operation and nomenclature, and a 
knowledge of this will be assumed. The most important parts 
are the surfaces carrying radio-frequency currents and the volumes 
in or around which the magnetic and electric fields exist. In 
waveguide components and instruments these parts are invariably 
internal, a fact which gives rise to most of the difficulty of 
fabrication. 

The surface layers, in which the current flows, should be of 
good conductivity to minimize loss of energy.'^-^ This means 
that the material must be either pure copper or pure silver and 
that the surface roughness^ must be small compared with the 
skin depth, which for copper at 30Gc/s (wavelength 10 mm) 
is only 16 microinches. In practice the surface roughness must 
be keptio less than about 25% or 50% of the skin depth to 
restrict the increase in attenuation coefficient to 10% and 20% 
respectively. 

The guide wavelength and characteristic impedance of a wave¬ 
guide depend on its cross-section, and, smce waveguide com¬ 
ponents are generally structures which are either resonant or 
contain critically spaced admittances, the dimensions of the 
internal volumes or cavities must be closely controlled. In 
practice the tolerances required are 1/2 000 to 1/10 000 of the 
free-space wavelength, and thus range, in millimetre-wavelength 
components, from 0 • 0002in to 0 • 00001 m. 

The majority of such components have hitherto been made by 
precision machining, and in view of the accuracy demanded such 
methods will probably continue to play a considerable part in 
manufacture. There has, however, always been intensive investi¬ 
gation into alternative methods which might supplement or 
replace those making large demands on limited resources of 
skilled labour and high-grade machine tools. Such methods 
include pressure die-casting, hobbing, investment casting, powder 
metallurgy and electro-deposition. The electro-deposition 
process has been used successfully both for components and for 
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instruments m the millimetre waveband and will be the only one 
discussed. 

Electroplating techniques have for a long time been applied 
to waveguide structures as an external plating to improve the 
appearance and provide resistance to corrosion, as an internal 
plating to improve surface conductivity and for electrolytic 
polishing to reduce surface roughness. It is only in the last fev/ 
years that such techniques have been applied to actual fabrication. 
The early attempts at electroforming were based on the methods 
used—under the name “electrotyping”—in the printing and 
gramophone-record industries. The new methods to be de¬ 
scribed put the whole technique on a sound engineering basis; 
in particular, an account will be given of periodic-reversal plating. 

In the manufacture of waveguide components by electro¬ 
deposition, a former—which is made in the shape of the internal 
volume required—is electroplated to a sufficient thickness to 
provide adequate mechanical strength. The former is then 
removed or withdrawn leaving an electroformed piece or blank. 
The material for the former may be either a permanent rigid 
type or it may be expendable. Much attention is given to 
simplifying the subsequent machining of the electroformed piece, 
and the electrical characteristics of typical components are 
described to show that in many mstances it has been possible to 
adopt improved arrangements or designs. 

(2) ELECTROFORMING PROCESSES 

The requirements which a satisfactory electroforming process 
has to meet are much more severe than those for normal electro¬ 
plating. The greater thickness of the deposit, which ranges from 
0-040in to 0-400in, means that the plating speed should be high 
and that the throwing power, or ratio of plating speed in areas 
of low to that in areas of high electric field, must be high and 
preferably exceed unity. The deposited metal must be homo¬ 
geneous and free from nodules, cracks and inclusions which may 
lead to trouble in subsequent machining and expense due to 
rejection at a late stage in manufacture. In order that the item 
should possess good mechanical strength and rigidity and yet be 
easy to machme, the Vickers hardness number* should preferably 
be in the range 140 to 200. 

Many materials can be electroformed, and that chosen for the 
initial layer on the former is usually silver or copper, to give 
maximum conductivity. The metal for the subsequent deposit 
is chosen for mechanical reasons or ease of manufacture and 
copper is the usual one, although brass or brorize alloys would 
also serve. Iron would be economical but it is magnetic and 
very liable to corrosion. V/here lightness is required, alu¬ 
minium or magnesium can be used; where some part is subject 
to severe wear, a very hard material such as nickel, chromium, 
or nickel-cobalt aUoy can be deposited. When such composite 
electroforming is used, great care must be taken to obtain 
thorough bonding of the different metals, and it is desirable 
that the plated thickness of any one should not be less than 
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0*015 in to prevent flaking or peeling during fabrication or use. 
Consideration must also be given to the different rates of expan¬ 
sion to prevent distortion with temperature changes. As an 
example of electroforming processes, only copper will be dis¬ 
cussed since it is with this metal that most development has been 
done, the application to other metals being straightforward. 

The older electroforming techniques were based on the use of 
electrolytes containing inorganic salts, usually copper sulphate, 
the plating being carried out with direct current of density low 
enough to prevent polarization and burning. The more technical 
details of these processes are well known and have been exten¬ 
sively described elsewherethey will not be discussed in the 
paper. 

Components made by these processes were not satisfactory. 
The metal has a Vickers hardness number of only 60, this 
softness making machining difficult and the component liable 
to damage from stresses. The plating speed cannot much 
exceed 0-001 in/hour, with the result that many components take 
several weeks to build up. The throwing power is poor so that 
the article must be removed occasionally from the bath for 
removal of excessive growth, which process means not only 
extra work but a risk of damage and difficulty of obtaining a 
good bond to subsequently plated metal. A further disadvantage 
is that the plated surface is rough, a property which becomes 
worse as the deposit thickens so that the formed article shows 
large nodules, a typical example being given in Fig. 1. In view 



Fig. 1.—^Two electroformed pieces in the condition when removed 

from the plating bath. 

The upper piece is by the acid copper process, the lower by the periodic reversal 
cyanide copper process. 

of these disadvantages, intensive development was carried out 
in order to obtain satisfactory electrofoiming processes. 

One such process is based on an organic electrolyte containing 
cyanides of copper and other elements used in conjunction with a 
periodically-reversed plating current. This process^^ds had been 
originally developed to give a smooth finished plating; with 
further work carried out in this country to adapt it for electro¬ 
forming, it has given very satisfactory results. 

With periodic-reverse-current plating, the article being electro- 
formed is made alternately cathodic and anodic, the optimum 
periods depending on the shape and size but in general being 
20-100 and 10-40 sec respectively. The cathodic and anodic 
currents need not be the same, but best results are obtained when 
they are nearly so. The anodic cycle must be such as to deplate 
any unsound metal and nodules while the net current-time 
product must, of course, be positive. The current densities can 
be made large so that, although there is a deplatmg period, the 
net result is an increased rate of deposition which may be up 


to 0-006in per hour without loss of quality. Whilst periodic- 
reverse-current plating may prove advantageous with the older 
inorganic electrolytes, a satisfactory process can only be obtained 
with the cyanide bath mentioned above operating under proper 
conditions. The best results are obtained with current densities 
around SOamp/ft^ at a temperature of 185“F, although lower 
current-densities and temperatures down to 120°F can be used 
with a lower plating speed of about 0-002 in/hour. When the 
shape of an article is complicated, or when a rough deposit 
requires smoothing, more sacrificial cycles can be given for short 
periods. 

It is important to keep the solution free from impurities, and 
a continuously circulating filtration system should be used, the 
actual filter being, for example, cellulose powder contained in a 
suitable unit. Because of the high operating temperature and 
current densities used there is a tendency towards decomposition, 
with formation of carbonates which cause roughness in the plated 
deposit. This is overcome by the use, in series with and before 
the filter, of a purifier containing activated charcoal. 

Even and symmetrical deposits are more easily achieved if the 
solution is agitated, and this is generally done by bubbling air 
through it. In addition it is desirable to rotate slowly the 
article being plated so that all parts of it are equally exposed to 
the anodes, which are, as is usual in plating practice, surrounded 
with filter bags to retain sludge. The electrolyte is caustic in 
effect, and to avoid contamination it should come into contact 
only with such suitable materials as stainless steel, polythene 
polyvinyl chloride and nylon. The high operating temperature 
makes fume extraction necessary to remove poisonous cyanide 
vapours, while there are other small operating details of a 
chemical and electrochemical nature. 

The mechanical properties of the deposited metal are excellent 
and photomicrographs of sections show that it is free from 
cracks, treeing and inclusions. The Vickers hardness number 
depends on the operating conditions and is within the range 
120-240. The metal is ductile, free from stresses and machines 
easily. A typical piece electroformed by this method and in the 
condition in which it comes from the plating bath is shown in 
Fig. 1, the smooth exterior, uniform thickness and absence of 
nodular growths being particularly noticeable. 

One of the most fundamental difficulties experienced with 
electroforming is in obtaining an adequate deposit on concave 
surfaces. The electric field is always low in such places, at 
the inside of a sharp corner it vanishes, and, however good 
the throwing power may be, no deposit will occur there. 
This shielding effect of the adjacent surfaces becomes worse as 
the transverse dimensions increase. With the process described 
above, the thickness of plated metal is fairly constant almost 
into the comer, the two layers on either side building up with a 
crack between them. This is shown clearly in Fig. 2, which is a 
cross-section of the deposit on a cruciform piece of plastic with 
different radii in all four corners. It will be observed that a 
continuous layer is deposited until the centre of the circle is 
reached, from which point a crack develops. 

Thus a continuous layer of metal can be achieved only by 
electrofoiming in internal corners if some radius, however small, 
is provided. It will be shown later that this places a limitation 
on the designs of formers and the methods of electro-deposition. 
Although a thin continuous layer of metal is sufficient for elec¬ 
trical purposes, considerations of mechanical strength require that 
this be artificially increased by suitable methods. Those used 
successfully and shown diagrammatically in Fig. 3 include 
(a) building up with soft solder, amalgams, etc., {b) packing^'* 
with silver powder, (c) spraying with metal by the Schori or a 
similar process, {d) placing of suitably shaped inserts, and {e) drill¬ 
ing a hole and plugging it. In all these cases electro-deposition 
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Fig. 2.—Electro-deposition in comers of different radii. 

Scale X10 (approximately). The radii are 0-040, 0-060, 0-100 and 0-120in 
respectively. 





Fig. 3.—Various methods of increasing the thickness of deposit in 

comers. 

(a) Metal inserts shaped to the comer. . . , 

lb) Packing the corners by solder, silver powder, amalgams, or sprayed metal, 
(c) Drilling and inserting a plug. 

is then continued until adequate thickness and strength is 
obtained. 

Electroforming can also be used in conjunction with other 
techniques such as machining (see Section 5). In another 
method the metal spraying referred to above can be continued 
until the component is completed, and if this were carried out in 
aluminium a saving in weight would be achieved. It is also 
possible to encase the article, after a thin layer had been deposited, 
in one of the polyester resins as carried out^^ with potted circuits. 
There is no reason why several components could not be so 


encased together to form an equipment sub-assembly which 
would withstand mechanical shocks and stresses and also adverse 
climatic conditions. 

(3) USE OF PERMANENT FORMERS 
In order to use a permanent former it must, of course, be of 
such a shape that it can be withdrawn after electroforming. The 
simplest foimers are parallel-faced with circular or rectangular 
sections, and, provided they are properly extracted, as described 
later, no taper is required. More complicated formers contain 
two or more sections, the smaller one being at the free end. The 
transition between differing sections should always be gradual, 
thereby ensuring that an adequate deposit of metal is obtained. 

To prevent distortion and stretching during extraction these 
permanent formers should be made only from materials such as 
alloy steels which can be hardened to give high yield point, 
rigidity and strength. In order to prevent the plated deposit 
from adhering, the former must be treated by passivation, or 
coating with a thin layer of a separating medium such as tin. 

Formers which are chromium-plated require no subsequent 
treatment and possess a highly polished long-wearing surface. 
Other materials which have been used include Invar, molybdenum, 
titanium, glass, quartz, hard plastics and stainless steel. Stain¬ 
less steel is very convenient since it can be easily machined 
and ground to complicated shapes, and it withstands the various 
chemical processes used in cleaning and electroforming. It 
caimot be made very hard, however, and the surface is liable in 
time to become scratched, and pitted. Very good surface 
finishes can be obtained by the use of glass or quartz, but the 
fragility of these materials restricts their use to short formers of 
large cross-section. 

A series of dimensional measurements have been made, in 
conjunction with the National Physical Laboratory, on stainless 
steel formers and pieces electroformed on them. A typical 
example is a cylinder of length 3in and diameter -Jin, which was 
found, on measurement, to be circular and parallel to within 
0-00002in and to have a surface finish of 4 microinches. This 
former was then plated to a thickness of -fin, and after extraction 
the bore of the resulting electroformed piece was carefully 
measured. The mean diameter was found to be within 0 • 00002in 
of that of the former, the ovality within 0-00005 in, and the 
surface finish was 5 microinches. Such precise measurements 
show that an instrument made by this method will have the 
dimensional accuracy and surface finish of the original former. 

A certain amount of machining was then carried out on this 
electroformed cylinder to provide fittings for the waveguide 
feeders. On remeasurement the ovality of the bore was found 
to have increased to 0-00008 in. Earlier versions of this cavity 
manufactured from metal bar had shown an ovality of as much 
as 0-0016 in after such external machining, probably owing to 
the relief of rolling stresses. These results show that an electro¬ 
formed piece has very little internal stress and is likely to hold 
its dimensions stable over a long period. 

The manufacture of these permanent formers is essentially a 
problem for the tool-room since the dimensional accuracy 
required is that usually associated with gauges and similar items. 
It is preferable to start from bar stock since the rolling process in 
its production gives a longitudinal structure which tends to 
maintain the final former straight. After the initial operation of 
rough turning, milling or grinding, the former is finish-ground 
to about 0 - 0002in oversize. It is then carefully lapped or super- 
finished to give the final section and surface finish. 

Formers of a parallel-faced rectangular section are easily 
ground in the form of blades by placing direct on the magnetic 
table of the machine. These blades are then brazed into stainless- 
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Fig. 4.—Manufacture of permanent formers. 

(o) Plain rectangular former made separately and brazed into its head. 

{b) Complex former, with various sections, made in one piece. The centre at the 
free end is removed in a final operation. 


Steel heads for ease of handling in the electroforming operations, 
as shown in Fig. 4(a). More complicated shapes are machined 
from one piece which is held between centres in a fixture which 
permits accurate setting of the former for each operation. The 
centre at the free end is removed on completion of the former, 
as shown in Fig. 4(6), 

When chromium-plated formers are requhed, a core is first 
made from a steel which can be hardened to about 600 Vickers 
without any distortion. An allowance of 0-006 in per face is 
made for plating and any edges are given a -gx'm radius. The 
core is then hard chromium-plated to a thickness sufficient to 
allow final grinding and lapping as before. 

In order to provide a square end-face on the electroformed 
piece, a stop made of polythene is usually put on the mandrel 
to form a watertight seal. The head of the former is insulated 
by a polythene tube of sufficient length to come well above the 
surface of the plating bath. Electro-deposition is usually carried 
out over the whole surface of the former so that it is protected 
from dust or other foreign particles. If the closed end is not 
required, it can easily be removed subsequently. When the 
cross-section of the former is very small an extra portion, usually 
cylindrical, is incorporated to serve as a guide during extraction 
and to provide an adequate support during machinmg of the 
electroformed piece. This portion is finally discarded; Fig. 5 
shows an example of such electroformmg. 





Fig. 5.—Permanent former with electroformed piece in position. 

The polythene stop which gives a square face is shown. This former has an extra 
cyhndncal portion to serve as a guide during extraction and as a support for the 
electroformed piece m subsequent machining. 


As a preliminary to plating, the former is thoroughly cleaned 
by chemical and electrolytic methods. It is then covered with a 
thin layer of silver (or copper, if requued) by plating in a very 
weak electrolyte termed a “strike bath.” The former is finally 
plated in the baths previously described to give the required 
thickness. For most millimetre-wavelength components a 
0-015 in deposit of silver is given, followed by copper. Thinner 
deposits of silver are found to lead to peeling during subsequent 
machining; thicker deposits lead to undue cost in the larger sizes. 

On completion of plating, the former, with the electroformed 
piece surrounding it, is removed from the bath, washed and 
prepared for extraction. With short cylindrical sections, simple 
immersion m hot water enables the former to be pulled out by 
hand. ^ With the more complicated and longer formers the 
extraction has to be done with considerable care and it is advisable 
to use a special machine, such as the one illustrated in Fig. 6, 
in which the extraction is done vertically while the electroformed 
piece is immersed in water or oil at about 200° F. The pull 



The electroformed piece, whilst immersed in the hot liquid, is held against a self- 
aligning stop. Slow rotation of the handle extracts the former with a straight pull. 

required is such that the elastic limit of the material of the former 
sets an upper limit to the length which can be electroformed. 
Thus a 0-280in x 0-140in section would have a maximum 
length of about lOin, whereas one of only 0-034in X 0-017in 
section is limited to 1 in. 

Waveguide components mvolving coupling apertures and slots 
can be electroformed with formers provided with extra pieces, 
which should be of plastic to prevent shielding in the corners. 
These pieces are cheap and are discarded after use. Fig. 7 
illustrates two such formers. 
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Fig. 7.—Formers for the electro-deposition of waveguide sections 
with coupling apertures. 

The strip in (a) and peg in {b) are made of plastic to prevent shielding in the corners 
thus formed. 

Wliere there is more than one waveguide section, as for 
example, in T-junctions, it is usual to employ multiple mandrels. 
The alignment is important and is ensured by supporting them 
in jigs, which can also contain means of supporting any inserts 
required. These inserts are made of metal, ultimately forming 
an integral part of the finished article, and are used to strengthen 
corners or provide coupling apertures between the waveguide 
sections. 

Some care is necessary in the choice of materials for such jigs. 
Plastic materials tend to warp in or contaminate the plating 
solutions and steel tends to corrode in time. Aluminium is 
light but again not satisfactory in caustic electrolytes, and thus 
it is better to use stainless steel, which is entirely suitable despite 
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its high cost. To prevent deposition on the jigs they are covered 
all over with a stopping-off wax or tape. 

Examples are given in Fig. 8 of jigs for three different types of 
waveguide component. For ease of electroforming the hybrid 



Pig. 8.—Various types of jig for supporting steel formers. 

(a) Multiple-hole directional coupler, (b) Cross-over directional coupler, (c) Hybrid 
ring, two of the arms being finally plugged. 


ring arrangement includes two extra mandrels, the arms so 
formed being later plugged. One disadvantage of these multiple- 
mandrel assemblies is that the junctions are not perfect and with 
the improved plating process a deposit is thrown inside even 
very closely fitting joints. This causes a small amount of flash 
which has to be removed during subsequent machining. Attempts 
to bridge these gaps by depositing, at an early stage, from coarse- 
grain plating baths such as nickel, have been only partially 
successful. 

(4) USE OF DISPOSABLE FORMERS 

With disposable formers, withdrawal imposes no restrictions 
and thus this type is very suitable for electroforming complex 
shapes. Although such formers can be accurately fabricated, 
they are thus used only for the electroforming of a single corn- 
ponent for experimental purposes. The application which will 
be mainly considered here is that in which the formers are cast 
or moulded in large quantities. 

One of the simplest materials to use for these formers is wax, 
a suitable type being Seekay because of its high melting point of 
about 100° C, low shrinkage on setting and narrow plastic range, 
being very fluid when just above the melting point. These waxes 
are sometimes loaded with materials which increase their strength 
and reduce shrinkage on cooling. More accurate formers can 
be obtained by the use of air pressure and possibly centrifugal 
casting. The wax is removed by melting, and since it can be 
used again the process is economical. 

Another suitable class of materials are alloys such as Cerro- 
matrix, which has the useful property that it does not shrink on 
solidifying and Mazak, which can be accurately cast. Such 
materials can be removed partly by melting, but, since there is a 
tendency towards amalgamation with the electroformed metal, 
they usually require caustic solutions to remove all traces. In 
some eases aluminium can be used as the former, and here again 
removal is by means of caustic soda. These metals are also 
convenient when fomiers are individually machined for electro¬ 
forming only a few components. 

Plastic materials have been used with success since they can 


be injection-moulded under high pressure to give, in properly 
designed moulds, formers of acceptable accuracy. Diakon, one 
of the methacrylate resins, has been found suitable because of 
its small shrinkage on moulding, low water absorption and ease 
of removal in, say, a suitably designed Soxhlet apparatus using a 
solvent such as chloroform. Such plastic material is economical 
for millimetre-wavelength components but not for much larger 
sizes, since it cannot be used again. 

The moulds for these plastics must be strongly made since 
injection pressures of about SOOOOlb/in^ are customary. An 
allowance for shrinkage which, in Diakon, for example, is about 
1 %, can be made in the relevant dimensions of the mould. To 
ensure that the shrinkages of all formers are identical, the 
moulding is preferably carried out on an automatic machine in 
which the temperature of the mould, the injection and cooling 
times and other conditions are maintained constant. By such 
means the dimensions of a waveguide section of, for example, 
0-280in X 0-140in can be kept within ±0-0005in. Some 
examples of plastic mouldings for a hybrid ring, a hybrid-T and a 
complex duplexer unit are illustrated in Fig. 9. 



Fig. 9.—Disposable formers made in plastic. 


(a) Hybrid-tee. (b) Multiple-ring duplexer unit, (c) Hybrid ring. in 

The section of the waveguide is 0-280in x 0-140in; the presence of a radius in 
the various corners should be noted. 


The mould is usually built up from separate pieces, whose 
faces are lapped so as to give surface finishes of about two 
microinches. In order to ease the subsequent electroforming, 
the mould must be constructed so that all internal coriiers on 
the former are provided with the maximum permissible radii. To 
facilitate the removal of the fonner, the mould is usually divided 
into two halves and it is important that these should mate closely 
to avoid flash. Some care must be given to the point of injection 
since the viscous plastic does not flow so readily into the more 
remote regions; otherwise undersize formers will result. With 
hybrid junctions a symmetrical injection is preferred, although 
this means that the surplus plastic left in the injection gate must 
be carefully removed. It is generally easy to arrange for ejector 
pins by slightly increasing the length of the arms. 

These waxes and plastics are insulators, and the surfaces of the 
former have to be made conducting before plating can take place. 
A conducting layer can be provided by spraying with Aquadag 
which is subsequently removed, but the poor surface finish and 
tolerances restrict this method to the larger sizes. With^ the 
plastic formers, the usual method is to immerse ^ them hi a 
chemical silvering solution of conventional composition. This 
silvering can more easily be carried out, especially when large 
quantities or sizes are required, by a gun devised by the Printmg 
and Allied Trades Research Association (P.A.T.R.A.). This 
contains a nozzle from which two jets of the constituent solutions 
emerge and, on coalescence, form a thin adherent silver film on 
the former. Metal inserts can be included in the assembly 
provided they are of silver or are silver plated. Another method 
of giving a conducting layer is by evaporation under low pres- 
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sure, which permits a variety of metals to be used, although the 
coating of complex or re-entrant shapes will necessitate rotation 
of the former or the use of multiple cathodes. 

Most of these disposable formers are liable to distortion in hot 
solutions, Diakon, for example, starting to soften around 
120 F, and above 140°F serious swelling and distortion is 
certain. The effects of this can be minimized by leaving the 
ends of the electroformed piece open and also by holding, in a 
locating jig, those ends whose position is important. If a 
reduced speed of plating of around 0 • 002in/hour can be tolerated, 
It IS better to keep the electrolyte at 120°F. 

Any inserts employed can be supported direct by the former 
or held in position by a locating plate or jig. The shape of these 
mserts should be such that sharp comers, which cause cracks in 
the deposit, are avoided. Thus a post or pin should be shaped 
as m Fig. 10(c) to secure sound bonding and deposition. 



Fig. 10.—Methods of electroforming inserts in position, using 
disposable formers. 

flush-fitting pin gives sound deposition but poor keying. 

(6) The protruding pm gives poor deposition but good keying. 

(c) The shaped protruding pin gives sound deposition and good keying. 

These plastic formers can also be joined together to form 
complex assemblies, the whole unit then being electroformed. 
This is more economical than the production and assembly of 
the individual items. An example of such a complex assembly 
has been given in Fig. 9. In this particular instance, the plastic 
formers are supported on a properly shaped base-plate. This 
prevents distortion, supports the inserts and ultimately forms 
one face of the electroformed piece. 

(5) FABRICATION OF ELECTROFORMED PIECES 

Waveguide components and especially instruments are rather 
complex and electroforming of the complete item is rarely 
possible. Thus some final machining and assembly is usually 
required, although in the simpler components this can be 
restricted to the assembly of connecting flanges and arrangement 
of mounting holes. 

The basic electroformed piece is a short straight section of 
rectangular waveguide which, by being produced on an accurate 
foimer, can have a tolerance of 0-0002in as compared with the 
0-001 in of drawn tubing. After removal of the former this 
precision waveguide, as it is termed, is supported between centres 
and machined externally to have a cylindrical ^ outer section 
which is concentric with the rectangular bore. This is done so 
that the fitting of connecting flanges, which now have a cylindrical 
instead of the conventional rectangular hole, is made easy and 
accurate. Angular alignment of the flange is ensured by a 
simple soldering jig. This guide is made with various external 


diameters so that it can be inserted, as a separate piece, into 
instruments in which locating bores have been machined. ’ Pre¬ 
cision waveguides of cylindrical internal section can also be 
readily electroformed and machined. 

It is often desirable to have a component coupling waveguides 
of two different sections; this can easily be achieved by electro¬ 
forming on a suitably tapered former. In most cases a permanent 
former can be used, but when transforming from cylindrical to 
rectangular waveguide it is sometimes necessary to use a dis¬ 
posable type. 

Many waveguide instruments incorporate micrometer heads 
and the former can be shaped so that the housing for the micro¬ 
meter bearing is electroformed in position. Thus an accurately 
made former can produce pieces which, without any elaborate 
machining, ensure proper fit of the micrometer and its alignmenti? 
with the waveguide section. 

These electroformed pieces require machining in order to make 
them the correct external shape and size, to fit connecting flanges, 
to accept or mate with other parts and sometimes to unprove 
the appearance. It is undesirable to use the original electro¬ 
forming former as a support during such machining since it is 
not made for this purpose and is too expensive to be subjected 
to risk of damage. It is better to use a special mandrel which 
can be of the proper shape, with suitable clearance, made of 
hardened steel to reduce distortion and provided with means 
for centring and driving. In sections of, say, 0 • 100 in X 0 • 050 in 
and below, these mandrels become fragile, and it is desirable to 
include in the electroformed piece an extra portion, adequate to 
withstand machining stresses, which is finally removed. The 
walls of these millimetre-wavelength components can be made 
thick to provide strength and rigidity without excessive weight. 
In fact, the requirements of accuracy often mean that items such 
as micrometer heads, dial gauges, etc., are much larger than the 
purely waveguide portions. 

Local parts which are liable to wear—such as V-slides and 
other moving pieces—or which require exceptional strength, can 
be electroformed from such hard materials as nickel, chromium 
and nickel-cobalt alloy. The throwing power and speed of 
deposition of these high-valency materials is low and their use 
should be restricted to essential places. Items which must be 
very light in weight can be electroformed in magnesium or 
aluminium,i8-20 ^^t since such processes are at present only 
on a small or laboratory scale, their commercial use is not so 
advanced as that of other metals. 

The assembly of the pieces forming the electroformed article is 
best done by soft soldering, which avoids the distortion inherent 
m high-temperature brazing. Sometimes it is possible to elimi¬ 
nate a soldered joint by further electroforming. Thus a hybrid 
ring might be made by machining channels in a block of copper, 
temporarily filling these with wax or plastic and then electro¬ 
forming the fourth side. 


(6) ELECTRICAL DESIGN AND CHARACTERISTICS 
The final electroformed article will faU into one of two classes. 
The ^ first includes instruments used for measuring purposes; 
in view of the accmacy required they are usually made on 
permanent formers. The second includes components which 
only serve as subsidiary parts of equipment; these can usually 
be satisfactorily electroformed on mass-produced disposable 
formers. The development of the electroformmg techniques has 
enabled existing components and instruments to be redesigned 
with improved performance and for ease of manufacture; it has 
also made possible new types which previously could be made 
only with difficulty. 

There are many uses to which the precision waveguide described 
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in the previous Section can be put. In the form of inserts in 
instruments and components it can be likened to elements such 
as lenses and prisms used in optical instruments which form units 
separate from the purely mechanical parts. Such guides have 
been made with internal sections from 0-280 in x 0-140 in to 
G-034in x 0-017in, the smaller sizes being available only in 
quite short lengths of one inch or so. A range of these guides 
have recently been standardized^^ (see technical data in Table 1). 


When so made, not only do these units possess an accurate bore 
but also there is proper alignment of the micrometer and wave¬ 
guide axes. Fig. 14 illustrates a plunger unit for waveguide size 
0-0510in X 0-0255 in, the movement being by means of a 
micrometer head with 13 mm travel. Furthermore, wavemeters 
with such rectangular cavities are free from degenerate and higher 
modes and are much preferred for general purposes to the usual 
Hji (TEii) cylindrical-mode type. 


Table 1 

Standard Sizes of Precision Electroformed Waveguide 


R.C.S.C. 

Inside rectangle 

Cut-off for fundamental mode 

Recommended operating range 

type number 

Width 

Height 

Frequency 

Wavelength 

Frequency 

Wavelength 

Wave number 


in 

in 

Gc/s 

mm 

Gc/s 

mm 

cm—1 

WG22P 

0-2800 

0-1400 

21-1 

14-23 

26-5-40-0 

11-3-7-5 

0-88-1-33 

WG23P 

0-2240 

0-1120 

26-3 

11-38 

33-0-50-0 

9-1-6-0 

1•10-1-66 

WG24P 

0 -1880 

0-0940 

31-4 

9-56 

40-0-60-0 

7-5-5-0 

1-33-2-00 

WG25P 

0-1480 

0-0740 

39-9 

7-52 

50-0-75-0 

6-0-4-0 

1 - 66—2•50 

WG26P 

0-1220 

0-0610 

48-4 

6-20 

60-0-90-0 

5-0-3-3 

2-00-3-00 

WG27P 

0-1000 

0-0500 

59-0 

5-08 

75-0-110-0 

4-0-2-7 

2-50-3-70 . 

WG28P 

0-0800 

0-0400 

73-8 

4-06 

90-0-140-0 

3-3-2-2 . 

3-00-4-55 

WG29P 

0-0650 

. 0-0325 

90-9 

3-30 

110-0-170-0 

2-7-1-8 

3-70-5-55 

WG30P 

0-0510 

0-0255 

115-8 

2-59 

140-0-220-0 

2-2-1-4 

4-55-7-13 

WG31P 

0-0430 

0-0215 

137-5 

2-18 

170-0-260-0 

1-8-1-2 

5-55-8-33 

WG32P 

0-0340 

0-0170 

173-5 

1-73 

220-0-325-0 

1-4-0-9 

7-13-11-10 


Precision waveguides electroformed to the larger diameters 
can be machined to form bearings for sliding parts, and locations 
for side arms in T-junctions, cross-over connections and direc¬ 
tional couplers, without the complication of strengthening sup¬ 
ports. An example of a multiple-hole-type directional coupler 
using 0-148in X 0-074in precision waveguide is given in Fig. 11, 
and of a matching unit using 0 - 280 in x 0 -140 in guide in Fig. 12. 



Fig. 11.—Multiple-hole directional coupler. 

The example illustrated uses a waveguide of internal section 0-148in x 0'074in 
and is intended for use in the 4—6mm waveband. The coupling is by means of 12 holes, 
but other apertures can be used. 

Electroforming is very suitable for the manufacture of taper 
transitions from one waveguide size to*another; Fig. 13 shows 
such a taper from a section of 0-122in x 0-061 in to one of 
0-034in X 0-017in. Horn flares and three-sided corner 
reflectors, provided they are not too large, can also be electro¬ 
formed. Bends and corners, whose internal section varies along 
their length in order to give optimum impedance matching, 
can also be readily made by such techniques. This also applies 
to sections tapering in two dimensions or when combined with 
bends and twists. In these cases disposable formers must, of 
course, be used. 

Electroforming has made relatively easy the manufacture of 
plunger units, wavemeters and stub tuners in which a cylindrical 
plunger, actuated by a micrometer screw-head, moves in a 
rectangular waveguide propagating in the Hqi (TEqi) mode. 



Fig. 12.—Moving probe matching assembly. 

The main body has an internal section of0-280in x 0-140in. and the electroformed 
thickness is sufiScient to allow machining of the locating surfaces of the sliding carriage. 


1 
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Fig. 13.—^Taper adaptor. 

The example illustrated incorporates a section iin long, tapering from 0‘122in 
X 0-061into0-034in x 0-017in. 
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Fig. 14.—Micrometer plunger unit. 

The example illustrated has a O'080in x 0*040in section and is suitable for use in 
the 2-3mm waveband. If the free end is closed and fitted with suitable input and 
output connectionSj a general purpose wavemeter is obtained. 

Electroforming on permanent cylindrical formers is the only 
method at present capable of the quantity production of the very 
accurate bores required for standard wavemeters and cut-off 
attenuators m the millimetre wavebands. The conductivity of 
the electroformed metal is close to that of the pure solid, and this, 
together with the possibility of obtaining surfaces of low rough¬ 
ness value, enables resonant cavities of high Q-factor to be 
obtained. A typical wavemeter, such as that illustrated in Fig. 15, 


around the guide to give it mechanical support. Such flexible 
guides appear more promising in the very small sizes than those 
of the usual soldered convolute construction. 

It is often necessary, when weight and space saving is important, 
to fill the waveguide with a dielectric material, thus enabling the 
dimensions to be reduced by the square root of the permittivity. 
Since the former remains in position after electro-deposition the 
material must be such that it has a small loss tangent and can 
provide a good bond with the deposited metal which does not 
fail under temperature cycles. 

The fact that electroforming techniques have enabled wave¬ 
guides of very small section to be made has enabled a small range 
of components and instruments for operation at wavelengths of 
1mm to be constructed. At such short wavelengths semi- 
optical techniques 24 can be used, since the associated lenses, 
reflectors and prisms become of reasonable size. Thus the 
technique of waveguide manufacture enables them to be used 
over their whole usable wavelength range. 
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Fig. 15.—Hoi cylindrical mode wavemeter. 

The cavity is cylindrical and parallel to within 0 • 00002in. The diameter is 0 • 6831 in 
so that Its cut-off frequency is that of 0-280in width rectangular waveguide The 
instrument is suitable for use from 8 to 10mm wavelength. 

with a cavity of 0-6831 in diameter, resonating in the Hqi (TEqi) 
cylindrical mode at 9 mm wavelength, has a Q-factor ranging 
from 40 000 at the 12th half-wave resonance to 50 000 at the 
24th. The accuracy of wavelength measurement is such that, 
during some initial work on these techniques and using a known 
frequency standard, Mr. C. R. Ditchfield in unpublished work 
obtained a value for the velocity of light of 2-99790 x 10‘0cm/sec, 
which is very close to the usually accepted value. Such electro- 
formed cylindrical cavities have also been used at this wavelength 
for the determination of dielectric constant and loss tangent of 
low-loss materials, as reference cavities in frequency-stabilizing 
systems and as noise filters. 

The electroforming in position of inserts enables directional 
couplers to be made with a variety of coupling apertures. In the 
example given in Fig. 8, the insert takes the form of a thin metal 
strip with correctly spaced and sized holes. Inserts with aper¬ 
tures of improved directional properties, such as T-shape or 
cruciform, can be made of thin metal by photo-etching methods 
and electroformed in position between either permanent or 
disposable formers. The multiple assembly already seen in 
Fig. 9 is for electroforming a transmitter-receiver duplexer circuit 
using hybrid rings for the local oscillator feeds and for the signal 
and a.f.c. balanced mixers. Measurements on such a unit gave 
a loss of about 0-5dB and a discrimination between the arms 
not worse than 40 dB over a. 3 % bandwidth. Other arrangements 
incorporating hybrid rings or tees and directional couplers could 
be similarly made. 

Electroforming can also be applied to the manufacture of 
flexible wpeguides by using a disposable former of the required 
cross-section but with a series of transverse grooves.^2 These 
may be a half-wavelength deep or alternatively very shallow and 
closely spaced, so that a corrugated waveguide, operating in the 
pass band,23 is produced. This former is then electroformed to 
about 0-005 in thickness along its length, but rather more at the 
end for fittmg of the flanges. A rubber jacket is finally moulded 
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AN EXPERIMENTAL STUDY OF THE PROPAGATION OF 10 cm RADIO WAVES 

OVER A SHORT NON-OPTICAL SEA PATH 

By E. F. STACK-FORSYTH, B.Sc., Ph.D., Associate Member. 

(The paper was first received 24th May, and in revised form Uth October, 1954.) 


SUMMARY 

A series of tests in microwave propagation over a sea path of 
length 1 • 14 times the optical horizon was conducted off the coast of 
Natal during the winter months, April-August, 1953. The purpose 
of the investigation was to study the effect upon signal strength of 
variations in the structure of the refractive-index profile of the 
atmosphere in the first few hundred feet above sea level. The radio 
equipment operated at a wavelength of 10 cm, and vertical polarization 
was used throughout the tests. 


LIST OF SYMBOLS 

a = Radius of earth, ft. 
d = Duct height, ft. 

Xoo = Lapse rate of modified refractive index above duct. 
m = Profile index. 

M = Refractive modulus, M-units. 
n — Refractive index of atmosphere. 

N = Modified refractive index of atmosphere. 

P = Transmitter power, watts, 

p = Gradient of modified refractive index below duct minimum. 
q = Gradient of modified refractive index above duct minimum, 
z = Height above surface of earth, ft. 

(1) INTRODUCTION 

It is well known that the problem of propagation of short 
electromagnetic radiation round a spherical earth can be reduced 
to that of propagation over a plane earth by adoption of the 
artifice of using a modified refractive index of the atmosphere, 
which is related to the actual refractive index by the formula 

N = n(I + zla) . (1) 

Under normal conditions the gradient of N is positive and 
numerically equal to about 0-036 x 10"^ per foot. Under 
abnormal conditions, when there is a high lapse rate of water- 
vapour pressure or a temperature inversion in the atmosphere, 
this gradient may be less or may even be negative over a limited 
height interval of a few hundred feet, becoming normal at greater 
altitudes. Under these conditions, electromagnetic radiation 
will be refracted towards the earth, with the result that ra.nges 
considerably in excess of the optical horizon may be obtained. 
The radiation then behaves as if it were trapped in a duct close 
to the surface of the earth. It can be shown that the degree of 
trapping depends both upon the frequency of the radiation and 
the height over which the gradient of modified index is negative, 
and is such that only microwaves will be appreciably affected by 
ducts of the heights generally encountered. 

The mathematical theory of duct propagation has been de¬ 
veloped by Booker and Walkinshaw,^ and by Freehafer and 
Furry.^ Booker and Walkinshaw considered a modified index 
profile represented by 

= 1 - 2x^[z - (d^-'»z’»lm)] ... ( 2 ) 


Taking values of i and i for m, the profile equation becomes 

Square-law. 

M = 4 X 10-2[z - 2VW] > 

... (3) 

Fifth-root law. 

M = 4 X 10“ ^[z — 5(zt/b^] • 

... (4) 

where 

M = (N-\)X lOS . . 

... (5) 


Furry dealt with a profile consisting of two linear portions of 
gradients p and q, below and above the duct miniimmi respec¬ 
tively, and calculated field strengths for the case where 

^3 =pig ^ and g = 0-036 X lO'^ per foot. 

Fig. 1 shows the various profiles for duct heights of 50, 100, 
150 and 200 ft. It was the purpose of the investigation to 
attempt to correlate the signal strengths obtained in practice with 
those predicted on the basis of these three profiles. 

(2) EXPERIMENTAL PROCEDURE 

(2.1) Propagation Path 

Fig. 2 is a map of the locale of the tests. The path was 
entirely over the sea, 21 -1 statute miles in length, and between 
terminals at altitudes of 47ft above mean sea level. It was 
approximately parallel to a homogeneous coast line. The pre¬ 
vailing winds blow approximately parallel to the coast line, i.e. 
south-west and north-east. 

(2.2) Transmitter 

The transmitter was a type CV35 klystron giving a rated power 
output of lOOmW. It was modulated at 1000c/s by means of a 
square wave applied to the reflector electrode. The associated 
power supplies were fully regulated, and radiation was from a 
dipole placed at the focus of an 18 in-diameter paraboloidal 
mirror. Constancy of power output was checked by noting the 
output from a radiation monitor placed near the antenna; this 
did not vary by more than 2 • 5 dB from the mean value throughout 
the series of tests. 

(2.3) Receiver 

The receiver consisted of a crystal mixer followed by a 90 dB 
six-stage i.f. amplifier. Stagger tuning was employed to obtain 
a bandwidth of 5Mc/s, centred on 21 -7Mc/s. A small amount 
of automatic gain control was applied to the first three stages in 
order to obtain the desired overall characteristic. A large 
bandwidth was chosen so as to avoid errors in field-strength 
measurement owing to variation in frequency of the transmitting 
klystron and of the local oscillator. A two-step attenuator was 
incorporated in the receiver so as to give two ranges of signal 
input, i.e. 0-100/xV and 0-1 000input to the i.f. amplifier. 
The receiver operated a recording milliammeter. A d.c. crystal 
checker was built into the receiver so that a rough check on the 
crystal characteristic could be made frequently. This checker 
enabled the forward resistance to be measured at an applied 
voltage of 0 - 25 volt, and the back resistance at an applied voltage 
of 1 volt. There was no significant change in the values of these 
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(d) Square law. 



Fig. 1.—^Theoretical M-profiles. 

(fi) Fifth root. (c) Bilinear. 



throughout the series of tests. Provision was made in the 
receiver for altering the coupling between the local oscillator and 
mixer, so that the crystal could readily be set to operate always 
on the same point of its characteristic, by noting the d.c. crystal 
current. The amplification characteristic of the receiver between 
input to the i.f. amplifier and output to the recorder was checked 
before and after the series of tests; the results did not differ by 
more than 3 dB over the range of signal strengths encountered. 

(2.4) Atmospheric-Sounding Equipment 

Temperature and humidity of the atmosphere were measured 
by means of wet and dry thermistors. These were mounted in a 
double-walled radiation shield provided with a conical top to 
eliminate radiation from above, and were airborne by means of 
balloons or kites. Their resistance was measured by means of 
a Wheatstone bridge operated off balance and connected to the 
airborne unit by a special light-weight cable. In calm weather, 
altitudes of approximately 600ft were attained; when windy the 
kite reached an altitude of about 300 ft. The reading accuracy 
of the equipment was 0*2°C, but it was estimated that in actual 
practice the accuracy was not better than 0-5°C. 

It was only possible to make soundings at the northern 
(receiving) end of the link, but since the propagation path 
was roughly parallel to a homogeneous coastline, and since the 
prevailing winds were roughly parallel to this path, it was felt 
that the results obtained in this way would be a fair approxima¬ 
tion to the average conditions over the whole path. There were 
occasions when a time lag of up to about one hour existed between 
a change in signal strength and a change in atmospheric condi¬ 
tions, owing to a wind springing up or dying away. When the 
wind was from the north-east, the change was noted first in 
atmospheric conditions, and when from the south-west, a change 
in signal occurred first. There was always an element of doubt 
as to whether the soundings made at the coast gave the same 
results as would be obtained over the sea. In taking a sounding, 
observations were made both on ascent and on descent of the 
unit, the average time taken for a sounding being half an hour. 

(2.5) Calibration of the Link 

An estimate of the free-space signal level at the receiver was 
made as follows: Megaw^ concluded, as a result of observations 
made of signal strengths at short ranges over the sea, that, at 
points well within the optical horizon, the field strength was 
always withm ±2dB of the value calculated on the basis of a 



Fig. 2.—Map of propagation path. 


standard atmosphere. Accordingly the receiver was set up at 
two points, shown in Fig. 2, well within the optical horizon, and 
the signal strength determined in terms of the output from the 
receiver. The actual field strength to be expected at these 
pomts due to a dipole radiating 1 kW was then calculated by a 
method described by Norton,^ using an effective earth radius of 
5 280 miles, i.e. for standard atmospheric conditions. For the 
Beachwood site (range, 6-8 miles), the measured receiver output 
was 7 •2mA, which corresponded to an i.f. amplifier input of 
32 dB above 1 fxY. 

The calculated signal strength at a range of 6-8 miles for a 
dipole radiating IkW was found to be 18 mV/m. If the actual 
transmitter had been equivalent to a dipole radiating P watts, the 
theoretical signal strength at Beachwood would have been 
lS^y(P|l 000)mV/m. 

Under free-space conditions the signal would have this value 
at a range of 7-67 miles. Thus the free-space signal input to 
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the i.f. amplifier at 7-67 miles was 32dB above 1/xV. At 
Tongaat (range, 21 • 1 miles) the free-space signal input to the 
i.f. amplifier would be 8-8dB below this, i.e. 23-2dB above 
1 /xV. From the receiver calibration curve it was found that a 
signal of this value would produce an output of 1 AmA. 

A similar calculation for the Blue Lagoon site gave a value of 
1 -OmA. These two results differ from their mean, i.e. 1 -20^4., 
by less than 2dB, and so this value was taken as representing the 
free-space signal level at the receiver. 

An element of uncertainty in the result arises from the fact 
that the receiver was only calibrated from the input to the i.f. 
amplifier. However, it is reasonable to assume that the mixer 
was linear over the range of signal strengths encountered. 

(2.6) Operational Procedure 

It was not possible to conduct the tests continuously, but as 
far as possible the operating times were arranged to cover those 
periods of the day when changes in conditions were most preva¬ 
lent, i.e. during the early morning and late afternoon. A total 
of 37 tests was made, covering a total operational period of 
170 hours. Altogether 85 atmospheric soundings were made. 

(3) EXPERIMENTAL RESULTS 

Typical signal records and atmospheric soundings are pre¬ 
sented in Figs. 3-5. These show the variation in signal strength. 





Fig. 3.—^Record No. 11; 1st June, 1953; 0515-0955 hours. 

X Ascent. O Descent. 

(a) 0615-0630 hours. 

(i») 0735-0805 hours. 

(c) 0915-0945 hours. 



Fig. 4.—Record No. 19; 29th June, 1953; 1445-2005 hours. 

X Ascent. O Descent. 

(o) 1530-1550 hours. 

(6) 1600-1615 hours. 

(c) 1720-1735 hours 

(d) 2015-2030 hours. 


and the vertical distribution of atmospheric temperature, vapour 
pressure, and refractive modulus. Fig. 3 is typical of the results 
obtained over the sunrise periods, while Fig. 4 shows a rise in 
signal strength around sunset, and the type of signal obtained 
under low surface-duct conditions. The record in Fig. 5 was 
obtained on an occasion when a deep surface duct was present. 

(4) QUALITATIVE OBSERVATIONS FROM THE RECORDS 
(4.1) Frequency of Duct Formation 

Table 1 shows the number of occasions on which ducts of 
various heights were observed. 

There were 25 occasions on which atmospheric soundings gave 
no indication of the existence of a duct, but on 13 of these occa- 


Table 1 

Incidence of Ducts of Various Heights 


Duct height, ft 

Number of observations 

0-50 

30 

51-75 

9 

76-100 

5 

101-125 

18 

Duct height, ft 

Number of observations 

126-150 

11 

151-175 

1 

176-200 

6 

>200 

5 
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Fig. 6.—^Variation of field strength with duct height. 


{a) Square-law profile. 

lb) Fifth-root profile. _ 

(r) Bi-linear profile; 0-85 < [il < 1-15; 0-03 <q < 

(d) Bi-linear profile; 0'7 < |sl < 1'3; 0-02 <q < 0-05. 


20 dB above the free-space value. However, it generally fell 
rapidly and assumed a value of 7-lOdB after sunrise. The 
atmospheric soundings gave no indication of a surface duct, 
although the possibility of an elevated duct cannot be ruled out. 
A siight irtdication of an elevated duct is provided by the sound¬ 
ings shown in Fig. 3. The decrease in signal strength over the 
sunrise period is accompanied by a change in temperature 
gradient from positive to negative, and frequently by a change 
in vapour-pressure gradient from positive to negative. The 
positive vapour-pressure gradient at low levels militates against 
the formation of a surface duct. However, it is probable 
that the gradient becomes negative at higher levels, so that an 
elevated duct may be formed. On the other hand, the positive 
gradient may be confined to the coast, where radiative cooling 
of the land would cause deposition of dew and therefore a decrease 
in vapour pressure at low levels. This radiative cooling would 
not occur over the sea, where a surface duct may therefore be 
formed. 

(4.4) Signal Characteristics 

During periods of change the signal was subject to rapid fades 
or scintillations of magnituder2-4dB. When the general signal 
level became constant for long periods, the magnitude of the 


variations decreased to less than 1 dB. A good example of this 
is seen in Fig. 4. It was also noted that during periods of 
rapid change there was an appreciable difference between the 
results obtained on ascent and on descent of the thermistor 
unit. When the signal steadied, the results coincided more 
closely (see Fig. 5). 

(4.5) Conditions favouring Formation of a Duct 
Ducts are formed under conditions of a positive temperature 
gradient and a high negative gradient of vapour pressure. 
Examination of the records showed that in only 9 out of 56 sound¬ 
ings when a surface duct was present was the temperature 
gradient positive. It is evident that the principal cause of duct 
formation in this area is a high lapse rate of vapour pressure. 

(5) QUANTITATIVE OBSERVATIONS FROM THE RECORDS 
Correlation between measured signal strengths and the values 
calculated according to the various modified index profiles, 
using only the first mode, was investigated as follows. The 
average signal strength during the time of a sounding was deter¬ 
mined from the records and plotted against duct height. On the 
same graph was plotted the theoretical variation of signal strength 
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with duct height. Only those results were plotted for which the 
measured profile was an acceptable fit to the theoretical profile. 
The goodness of fit was estimated visually by superimposing a 
tracing of the theoretical profile over the actual one. 

The results for the square-law profile are given in Fig. 6(d). 
It is seen that there is quite a fair degree of correlation, both as 
regards the absolute value of signal strength and as regards the 
variation with duct height. The spread of the results appears 
to be considerable, but it can be seen that an error of only 2dB 
in signal strength and 15 ft in duct height would account for 
most of the discrepancies between measured and calculated values. 

Fig. 6(b) shows the results for the fifth-root profile. Again 
correlation is quite fair. This profile does not fit the actual 
profiles very well, particularly at altitudes below about 50ft, 
where the M-gradient is much greater than it is found to be in 
practice. 

Theoretical values for the bi-linear profile were only available 
for profiles such that the ratio, s, between the gradients above 
and below the cut minimum was equal to —1, the gradient 
above the duct minimum, g, being standard, i.e. 0-036 M-units 
per foot. In Fig. 6(c) are plotted those observed values for 
which the ratio |j| lies within the limits 0-85 and 1-15, and 
the gradient g in the range 0-03-0-04. In Fig. 6(d) are plotted 
those observed values which lie within the extended ranges 
0-7 < I^I < 1-3, 0-02<5 < 0-05. 

A number of the soundings gave substantially linear M-profiles. 
Variation of measured signal strength with positive gradient of 
the M-profile in these cases is illustrated in Fig. 7, together with 



M-PROFILE GRADIENTu M-JNITS PER FOOT 

Fig. 7.—^Variation of field strength with gradient of linear profile. 

the theoretical variation. Only those observations when the 
signal strength was low have been plotted. Occasions when a 
high signal strength was obtained with a linear positive M-gradient 
have been omitted, as it was suspected that some other effect— 
possibly an elevated duct—^was in operation at these times. 
Correlation is not very good, and there is a large discrepancy 
between the measured and the calculated values—about 16dB— 
the observed values being higher than the theoretical. Similar 
results were obtained in propagation experiments across Massa¬ 
chusetts Bay in 1942-44.^ Here signal strengths on a 9cm link 
over a non-optical sea path 41 miles long were, on an average, 
about lOdB above the values calculated on the basis of the bi¬ 
linear model, for duct heights less than about 30ft. Again, 
Swarm, Ghose and Keitel^ found, for a 150-mile path over land, 
that the observed signal strength on frequencies of 100 and 
500Mc/s was, on the average, 11 -SdB above the value calculated 
for a linear modified-index profile. 

(6) STATISTICAL ANALYSIS 

A statistical analysis was undertaken to investigate whether 
any diurnal variation in signal strength was detectable. The 
mean hourly signal values during the operating periods were 
averaged for the whole series, and are shown plotted m Fig. 8. 
It is seen that there is a fall in signal strength from before dawn 
to about mid-morning, after which there is a slight rise reaching 



Fig. 8.—Diurnal variation of signal strength. 


a peak shortly after midday. Thereafter the signal strength falls 
again, but rises about sunset. This average variation was 
plainly discernible in several of the records. An attempt to 
correlate these , variations with the incidence of ducts was not 
very successful, owing to the paucity of soundings in the early- 
morning and evening periods. A possible explanation of this 
diurnal variation in signal strength is as follows: The sharp 
fall over the sunrise period is due to the disappearance of the 
land breeze, which gives rise to a temperature inversion and a 
high lapse rate of humidity over the sea. The rise at mid- 
moming may be associated with the onset of the prevailing winds, 
which, as noted previously, is frequently accompanied by a rise 
in signal strength. This generally diminishes in force towards 
sunset, and the signal strength falls. After sunset there is often 
a rise in signal strength, which could be accounted for by the 
onset of a land breeze. 

(7) CONCLUSIONS 

These experiments show that during the winter months a duct 
of height approximately 120 ft exists for a considerable portion of 
the time along the Natal coast. The signal strength at a height 
of 47ft in the duct is 6-lOdB above the free-space value. The 
absolute value of the signal strength, and its variation with duct 
height, are given moderately well by the mode theory, using only 
the first mode, and using either a square-law, fifth-root or bi-linear 
profile. 
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SUMMARY 

The subject of the paper is a theoretical and experimental investi¬ 
gation of surface-wave propagation over a plane conductor with 
dielectric coating. Special reference is made to the problem of 
launching such a wave. 

Two experimental surfaces have been constructed, and a series of 
measurements has confirmed the properties of the waves as reported 
in the literature. A number of trials of various possible launching 
devices have been conducted, and eventually a launcher of moderate 
efficiency was found. A theoretical investigation of the launching 
eflSciency of an aperture containing a surface-wave field of the correct 
form was conducted, and the launcher already mentioned was used to 
generate such a field in an aperture. Measurements were taken to 
find the launching efficiency of the aperture, and the results were found 
to be in agreement with the theory for small apertures. The deviations 
from the theoretical law for larger apertures are attributed to the fact 
that the aperture field differed slightly from the theoretical ideal in 
these cases. 


LIST OF PRINCIPAL SYMBOLS 
a = Thickness of dielectric coating. 
a = Suffix denoting location within the aperture. 
c — Velocity of light in vacuo. 

Co = Cosine of Brewster angle. 

E = Electric field strength. 

F{u) = Fresnel integral. 
h = Height of aperture. 

H = Magnetic field strength. 

~ Surface current density. 
k — Propagation coefficient of surface-wave = Itt/ A. 

= Space constants for dielectric and outer media. 
n = Mode number. 

= Solution of transcendental equation deter¬ 
mining characteristics of surface wave. 

P = Power. 

r = Distance beyond diffracting aperture. 
r = Suffix denoting location distant r from the 
aperture. 

.Sq = Sq+ jX = Sine of Brewster angle. 

u,jw = Arguments of Fresnel integral. 

V = Phase velocity of surface wave. 
x,y,z= Co-ordinates. 

z — Argument of error function, 
y = 0 c, -f jB. = Propagation coefficient of surface wave in 
z-direction. 

€ = Permittivity. 

7] = Launching efficiency. 

I = Variable of integration. 

Bq == Brewster angle. 

A = Free-space wavelength of radiation. 

Ac„ == Cut-off wavelength for /7th mode. 

= Phase wavelength of surface wave, 
ju. = Permeability. 

p = Ratio of magnetic to electric field. 

written contributions on papers published without being read at meetings are 
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a = Conductivity. 

T = Variable of integration. 

00 = Angular frequency. 

Ati, A:v 2 , = Differences between various values of t. 

0^ 2, 3 = Suffixes denoting various media (0—free space, 
2—dielectric, 3—free space). 

(1) introduction 

Since Sommerfeld^ and Zenneck^ first formulated the equations 
of the electromagnetic surface wave as a solution of Maxwell s 
equations for certain boundary conditions half a centuiy ago, 
the possibility and practicability of launching such waves has 
attracted much attention. The question of the existence of the 
surface wave in the radiation over the earth from a horizontal 
dipole has been the subject of a controversy too involved and 
protracted to be described briefly; references^"'® are given to 
the most important papers on the subject. However, the excita¬ 
tion of surface waves in the laboratory is a more practical 
proposition. The conical launchers used by Goubau^^ foi the 
single-wire transmission line are well known, and analagous 
devices have been used to excite plane surface waves by Rotman, 
Reynolds and Lucke,^^ and Erlich and Newkirk.^'^ Interest has 
centred mamly upon the use of plane guiding surfaces as micro¬ 
wave end-fire aerials. A survey of the various possible types of 
surface wave has been written by Barlow and Cullen. 

The wave described by Zenneck is identical with that incident 
upon a plane conductor at the Brewster angle, where no reflection 
occurs. The derivation is carried out by Stratton^® for all 
possible guiding surfaces. For the case of an imperfect con¬ 
ductor, the wave is exponentially attenuated in the direction of 
propagation, and the planes of constant phase are inclined to 
the guiding surface at an angle 

^0 = arc tan ^(^) . . . . (1) 

The suffixes 1 and 2 refer to the conductor and the dielectric 
(air) respectively. Owmg to the finite conductivity, there is a 
component of the electric vector in the direction of propagation. 
The wave is predominantly of the transverse magnetic type. 
The intensities of all the field components fall off according to 
an exponential law 

E,Hoz .(2) 

where y is measured normally upwards from the surface. 

When the conducting surface is “loaded” either by having 
corrugations cut in it or being coated with a dielectric, the 
Brewster angle becomes complex. In the case of a perfect con¬ 
ductor coated with a perfect dielectric, the Brewster angle is 
purely imaginary. This view of the phenomenon regards the 
conductor and its coating as together constituting a surface 
whose electrical constants are complex quantities. 

A more rigorous analysis may be carried out by solving 
Maxwell’s equations using the conditions at the two interfaces 
(dielectric-air and conductor-dielectric) as boundary conditions. 
This is the procedure followed by Attwood,^'^ who deduces the 
possible existence of two types of wave under these conditions. 
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One of these radiates away from the surface; the other is boimd 
to it and is the subject of the present paper. Attwood assumes a 
TM mode and deduces the following relations for the field 
components inside the dielectric: 


^z2 = jJz-^ sin (/caj) . . 

C0€2 

. . . (3) 

^v2 = Jz— COS ik2y) . . 

... (4) 

Hx2 = -Jz cos (/C2T) . . 

. . . (5) 

and for the field outside the dielectric: 


k', 

ik2d)s~’^^y . 

. . . (6) 


. . . (7) 

sin (k2u)s~^3y 

. . . (8) 

The conductivity of the metal is assumed to be infinite; the 
suffixes 2 and 3 refer to the dielectric and the air, respectively; 

is the surface current on the conductor per unit depth in the 
x-direction. Propagation is in the z-direction, and y is perpen¬ 
dicular to the surface. The term exp [i(a>t — /3z)] has been 
omitted. The relations 


and 


kl = (^'^1X2^2 - 


kl 


1 + tan2 {k2a) 


= aj2(^2€2 - ^3^3) • 


. (9) 
• ( 10 ) 

( 11 ) 


determine the constants. Eqn. (11) permits of more than one 
solution with suitable values of ^ and a, so that more than 
one mode can be set up under suitable conditions. But there is 
no cut-off for the lowest mode because eqn. (11) always has at 
least one solution. It can be seen from eqns. (3)-(8) that the 
field has sinusoidal distribution inside the dielectric and dies 
away exponentially outside it. Also it can be deduced that 
increasing the value of a enables the higher modes to propagate 
and that in this case the power is concentrated nearer to the 
surface. A larger proportion of the power is then carried within 
the dielectric. Figs. 1(a) and 1(c) show the field distributions 
and the lines of electric force for this mode. 

Shersbie-Harvey28 quotes field equations similar to those of 
Attwood using a rather different notation. His constant 
detenminkg the modes is given by 


tan 




( 12 ) 


Ae (n -f- l)th solution of this equation. The other symbols 
are similar to Attwood’s 1 x 2 , € 2 , [x^, with the zero suffixes 
corresponding to Attwood’s 3’s. Eqns. (11), (12) can be shown 
to be identical by putting 





^ersbie-Harvey also describes transverse electric modes 
These are very similar to the TM modes, but p„ is in this case 
a solution of 




) • (14) 



E. 


Hv 





^ ^ / 
'' / 


y=a 



y' / 


Amplitude 

( 6 ) 



Fig. 1.—^Field components and field lines. 

(a) Field components; TMo mode. 

(b) Field components; TEo mode. 

(c) Field lines; TMo mode. 

(d) Field lines; TEo mode. 

-, O, » Electric-field lines. 

-, O. X Magnetic-field lines. 


Eqn. (14) has no real solutions if a is sufficiently small; so the 
lowest mode in this case has a cut-off wavelength. This is given 
by 

A map of the field lines for the TEq mode is shown in Fig. l(cl). 

The launching of a Sommerfeld-Goubau wave upon a wire 
is facilitated because the radial variation of the field follows a 
Hankel-function distribution which approximates to the inverse 
radius law obeyed by fields inside a coaxial line. The wave is 
therefore usually launched by flaring the outer conductor of a 
coaxial line into a cone and continuing the inner conductor to 
form the transmission line. However, the exponential decay of 
the fields above a coated conductor does not approximate at all 
closely to the constant or sinusoidal field distribution inside 
waveguides and strip transmission lines, and the launching of a 
pure surface wave presents some difficulty, 

Macfarlane^® deduces that a Zenneck wave, if it is to travel 
an infinite distance over an imperfectly conducting earth, must 
be launched from an aperture of infinite height containing a 
field of the form given in eqn. (2). For a finite launching aperture, 
the range of the wave is restricted in this case to a distance 
h cosec Bq, where h is the height of the aperture and Bq is the 
Brewster angle. Beyond this distance there exists only the 
diffraction field of the aperture. For the lossless dielectric-coated 
surface Bq becomes purely imaginary, and Macfarlane shows 
that even for a finite aperture the range of the wave is infinite. 
However, not all the energy goes into the surface wave, and it 
will be shown later how the height of the aperture determines 
the proportion of the total energy that goes into the surface 
wave. 

The launching devices so far invented have been various in 
form. In those experiments which have dealt principally with 
the surface wave as a means of making a compact aerial, the 
emphasis has not been strongly placed upon getting a high 
proportion of the available power into the surface wave. The 
experimenters have aimed chiefly at making the surface wave 
interact with the radiated field to produce a shaped beam. It is 
easy to launch a surface wave which will, at a distance, become 
predominant over the radiation field near the surface, but it is 
not easy to concentrate nearly all the power into the surface 
wave. 
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(2) OUTLINE OF THE INVESTIGATIONS 

The object of the investigations was to confirm the properties 
of this surface wave that are reported in the literature and then 
to find a launcher that would convert most of its input power 
into a surface-wave mode. 

A. dielectric surface was first constructed, and an automatic 
recording mechanism for the electric field was set up. Various 
launching devices were tried, and it was found to be easy to 
launch a wave having approximately the exponential field distri¬ 
bution of the surface. wave. However, efficient launching was 
not easily achieved, and after numerous attempts a launcher of 
about 50% efficiency was devised. Launching efficiency is 
defined as the ratio of power in the surface wave to total power. 
A theoretical expression for the launching efficiency of an 
aperture like that described by Macfarlane^® was deduced, and 
the launcher mentioned above was used to set up a field of the 
required configuration in an aperture whose height could be 
varied. The experimental results were compared with the 
theoretical deductions and they were found to agree closely for 
small apertures (less than one wavelength). The theory predicts 
that efficiencies of the order of 90% can be obtained from 


cases stuck down at the edges with small pieces of p.v.c. adhesive 

^^The change from the 6in to the 1 ft surface was because 

it was found that a wider aperture was needed to ^ 

approximate more closely to the theoretical foim. The launch 
was placed at one end of the surface so that the wave was propa¬ 
gated longitudinally; at the further end the surface was terminated 
either by a load consisting of wedges of resistive card projecting 
from slots in a wooden block or by a short-circuit consistmg 
simply of a length of 3in X liin rectangular waveguide placed 

at right-angles across the surface. , n r, f a 

Radio-frequency power at a wavelength of 3 cm was supplied 
from a type CV129 klystron. The output was modulated at 
3kc/s a modulated power supply being used to supply e 
oscillator. A crystal detector mounted in ^^v^ide and ^ 
3kc/s tuned amplifier were used for the detection of the ladiation. 
A sensitive galvanometer was used for the measurement of 
standing waves in the input waveguide since there was enough 
power available in this case to operate the instrument Con¬ 
tinuous-wave power was then used. Fig. 2 gives a schematic 
of the apparatus. 




Galvanometer 


Load 


-3L 



Input waveguide / Variable mismatch 
Standing-wave 
detector 


Recording 

milliammeter 


Fig. 2.—Schematic of the apparatus. 


apertures of about 2A, but it seems that the field in the launching 
aperture must approximate very closely to the theoretical one. 

It is hoped in the future to investigate and _ ultimately to 
develop a launcher of high efficiency and also to investigate the 
effect of modifying the dielectric to launch the wave from the 

surface into space. i. r u + 

The experiments were conducted at a wavelength of about 

3 cm (X-band). Polystyrene with a nominal thickness of i^m 
was used as the coating medium on a brass base. Its dielectric 
constant is about 2-5; an accurate determination of this is not 
essential to the success of the measurements.^ A thicker dielectric 
coat would make the field cling inconveniently closely to the 
surface, thus rendering more difficult accurate measurements 
of the field above the dielectric. To use a shorter wavelengtlL 
say 8 mm, would have made the scale of the apparatus much 
smaller, but attenuation in the dielectric would increase, and a 
thinner dielectric would have had to be found. Reducing the 
apparatus to this small scale would have made it much more 
difficult to construct; also polystyrene will just support a 
TEq mode at 8 mm wavelength. With A = 3 cm and a — igm, 
only the TMq mode will propagate. 


(3) GENERAL DESCRIPTION OF THE APPARATUS 
Two guiding surfaces have been constructed so far in this 
investigation. The first was 6in wide and 4ft long, later 
extended to 6 ft. The second surface is 6 ft x 1ft, and Jike the 
first it is coated with a^ehi polystyrene sheet, which is in both 


One other major permanent item of the apparatus is the 
traversing mechanism for the probe. This consists of an elec¬ 
trically-driven carriage moving along a track 3 ft in length. The 
movement of the carriage is transmitted by means of reduction 
gearing and a Selsyn connection to the recording milliammeter. 
The gearing is so adjusted that the carriage and the recorder 
paper move equal distances. The output of the amplifier is 
brought directly to the milliammeter terminals. By means of 
this automatic recording system a large quantity of data can be 

gathered in a very short time. , . 

The probe and its ancillary waveguides are arranged to slide 
on a vertical steel rod fixed in the clamps of the travelling 
carriage. The waveguide, to which the probe is rightly attached, 
is clamped to the rod when the mechanism is in operation. 
There is a height adjustment, consisting of a spring and threaded 
rod, which is used to preset the probe to a given position. 

The probe is a halfiwave dipole fitted on the end of a coaxial 
line made by inserthig a length of insulated wire down the centre 
of a brass tube. The inner conductor is brought out to form one 
branch of the dipole; the other is soldered to the tube, which 
has an 8 mm slot cut in its end to act as a choke. The output 
from the probe is brought to a coaxial socket which screws on 
to a coaxial-to-waveguide transformer forming the top item 
in the waveguide run. This system has the advantage of lightness 
and rigidity, but .the probe is unsatisfactory in some respects 
since it distorts the field when placed in certain positions. How¬ 
ever, attempts to improve it were unsuccessful, and this design 
was adopted only after experiments with less satisfactory probes. 
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The crystal holder can be seen at the lower end of the output 
waveguide run in Fig. 2. Between it and the input transformer 
is inserted a mismatch unit consisting of a travelling screw. 
This is used to correct as far as possible the various mismatches 
existing in the probe and waveguides. It is always tuned for 
maximum crystal output. 

(4) DEVELOPMENT OF A LAUNCHING DEVICE 
The next phase of the experiments was to try to make an 
efficient launcher. Launching efficiency was measured by the 
following process. The launching device under test was first of 
all matched to the surface by terminating the latter with the 
resistive-card load and adjusting the mismatch unit shown in 
the input waveguide run in Fig. 2 until the standing-wave meter 
on the right of the mismatch unit showed that there was a good 
match (the galvanometer was generally used here). The surface- 
wave load had a voltage standing-wave ratio of about 0-97. 
The short-circuit was then placed across the surface, and the 
voltage standing-wave ratio was again measured. The launching 
efficiency was then equal to the voltage reflection coefficient. 


was bent to the shape that gave the highest efficiency. A number 
of measurements led to the following conclusions: 

(a) A curved flare provides greater launching efficiency than a 
straight one. 

(b) The best results are obtained when the flare rises smoothly 
from the top surface of the horn and its curvature increases with 
the distance from the horn. 

The highest efficiency recorded with this device was 42%. Up 
to this point all measurements had been conducted on the 6 in 
surface, but in order to minimize edge effects and to try to get a 
flatter phase front at the launcher, the width was now increased 
to 12in. 

The form of launcher provisionally adopted at this stage for 
further measiuements was a modification of the sectoral horn 
and flare that had been the best launcher used with the 6 in 
surface. The flare remained, but the horn was replaced by a 
“double cheese” because the horn necessary to give a really 
flat phase front 12 in across would have been inconveniently long, 
even with lens correction. 

The double cheese is only Sin deep for a 12in aperture, if the 
feed is in the aperture plane. The feed was an open-ended wave- 





Fig. 3.—^Double-cheese launcher. 

(а) Complete launcher. 

(б) Detail of double cheese. 


This can be shown as follows: Suppose that the launching effici¬ 
ency is 7j, and Pis the total input power, the power in the surface 
wave will be tjP. This will be reflected by the short-circuit but 
the short-circuit is not a serious obstacle to the rest of the power 
which will radiate away into space. So the power arriving back 
at the horn is rjP, and Tj'^P will go back into the waveguide 
smce by the reciprocity theorem the launching and collecting 
efficiencies must be equal. The power reflection coefficient is 
therefore rj^, and the voltage reflection coefficient is rj. 

Numerous unsuccessful launching devices were tested but 
only one will be mentioned here. In view of Dr Cullen’s 
theoretical investigations,30 slot soiuces were constructed. These 
aojording to the theory, should radiate a surface wave with high 
^ciency when placed at a certain critical height above the plane 
However, no success was achieved either with a long slot ex¬ 
tending right across the plane or with a short slot and parabolic 

Sc ?20%^ measured launching efficiency 


The first launcher of moderate efficiency which 
consisted of a sectoral horn with lens correction 
aluminium flare fitted to the top of the aperture. 


was tested 
having an 
The flare 


guide situated in the lower half of the cheese. Double cheeses 
are described by Kiely, ColUns and Evans.31 This particular 
cheese is illustrated in Fig. 3, The end of the polystyrene coating 
IS tiled down to a sharp edge and comes nearly to the mouth of 
the cheese itself. The brass sheet forming the conducting part 
ot the s^face is the centre tongue of the cheese, being cut at the 
end to the required contour. 

The efficiency of this launcher when measured was 50%. 
Attempts were made to improve upon this figure but with little 
success. This launcher, although its efficiency was still far 
cow e %ure desired (80% or 90%), was considered to be 
good enough to be used to generate a surface wave for the next 
stage m the experiments. 




The methods used in this Section are based on Macfarlane’ 

methods and notation of Booke 
and Clemmow. This notation differs from the one adoptei 
here in assuming that propagation is parallel to the x-axis 

r changed to the z-axis to bring the co-ordinates int( 

Ime with those hitherto employed. 
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It is assumed that an aperture of height h contains fields of 
“curtailed exponential” form: 


Ey = CQsj’^s'^y .(16) 

0 < y < /z 

H^ = pBJkS'oy .(17) 

S'q and Co are respectively the sine and cosine of the Brewster 
angle. In this case as the Brewster angle is purely imaginary, 
we can put 

S'^ == jX, Co 


Macfarlane goes on to show that the field distribution beyond 
the aperture consists of both a surface wave and a diffraction 
field. The complete expression for the electric field beyond the 
aperture is 

^ V2 




y ~ h 


»-)V© 

y 4- h 


Q- 2 kXhp 


(- 


+.ix 



Trr 

A 


)]) 


(18) 


where r is the distance beyond the aperture, and 




are Fresnel integrals defined by 


The power flow through the aperture is given by 

Ji 


Pa=P 


VCi + x^)s~'^’^^ydy 




(24) 


The launching efficiency is therefore 

s-^kxh .... (25) 

Pa 

which is a very simple result. 

Before this result can be tested, it is necessary to find a value 
for X. X is related both to the exponential decrement of the 
field components and to the phase velocity of the surface wave. 
Comparing Shersbie-Harvey’s formula 

■ 4 cc exp |- [^Vd - pS)V - O]^} • 

with Macfarlane’s Ey oc e~’^^y 

it is seen that V(1 '“■P«^a/(77T ~ 0 * ‘ ' 

X can therefore be computed from a solution of the trans¬ 
cendental eqn. (12). 

If V is the phase velocity of the surface wave and its phase- 
wavelength, vjc = XJX. Attwood gives 


CO 

F(u) = f s-Pdl .... (19) 

When r is sufficiently large, the arguments of both Fresnel 
integrals become purely imaginary and equal to jX'\/{'nrl^. 
The Fresnel integrals may then be replaced by the following 


Ey oc e-^iy 


Comparing this with Macfarlane’s expression and substituting 
in eqn. (10) we have 




X2 — ^’2- — 



asymptotic expansion: 

F(jw) 






->/ (27r)w 


(20) 


B is the phase-change coefficient in the ^-direction and is equal 
to 2-7r/A^. Substituting co = IttcIX, and remembering that 


- 1 /m 


. n ^ ra 


of which only the first term need be taken. 

Eqn. (18) now becomes 

Ey = e-^*V(i-t-^>e-*^V(l + ^^)(1 - e-2fc^*) . (21) 

This is the field a long distance from the aperture and includes 
only the surface-wave component. The launching efficiency 
may therefore be computed by comparing the power flow at 
this distance with that through the aperture. The power flow 
is given by 

for this case, where H* denotes the complex conjugate of H. 

= p£-7/cV(H-^4^£-*2r7(l - e-2.kxh) . . (22) 

_ pQjk\/(,1+ X^)zQ—kXy(y — Q—2kXH'^ 



-CXJ 


therefore .== p 


(1 e-2kxh)2^(i + X^)£-^^^ydy 

y ( 1 -t- X^) ^^ _ ^-2kXh)2 . . . . (23) 


P 2kX 


X, 1 
A V(H-^^) 


. (29) 


or 


c 

^ ^ V(1 + 


(30) 


This is similar to the case of the Zenneck wave over an imperfect 

conductor, where v = csec Pq. _ 

X can therefore be evaluated either by computation from 
eqns. (12) and (27) or by measuring the phase velocity of the 
surface wave and using eqn. (30). in the next Section it will be 
described how both these methods were employed to find X 
and how the results compared. 


(6) EXPERIMENTAL TEST OF THE THEORY 
Before the theoretical curve for launching efficiency 
Efficiency = 1 — 

can be drawn, a value must be found for the parameter X. This 
can be done either by measuring XJX or by computing a value 
for X from the field equations. The coniputation wa^arned 
out from the equations given by Shersbie-Harvey. The first 
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step was to solve eqn. (12) to find a value for Pq. Newton’s 
method was used, by putting 


In the case in question pIpQ = 1, = 2-5,* a =■ O-lTcm.f 

and A = 3 • 15cm. Eqn. (31) then becomes 


/(Po) ~ tan 


2tt 

T 


V(~ - 0 

V \noeo / 


aPo 


/Oo) = tan (0-4154po) — 2-5. 


and /Xpq) = 0-4154 sec^ (0-4154po) + 


Po 


0 


0 




1 


(32) 


Taking pq — 0-99 as a fii'st approximation Po is soon found to 
be 0-9853, to an accuracy of one part in lO'^. 

Substituting into eqn. (27), we have 


0 - 2111 . 

The practical measurement of X was undertaken as follows: 
A short-circuit was placed on the end of the surface so that a 
large standing-wave was produced. With the amplifier gain at 
maximum setting, the minima were seen to be very sharp. Using 
manual traverse on the probe mechanism, the probe was set to 
a minimum, using a bracketing method. The probe was then 
moved along the median line of the surface, and 55 minima were 
counted in the length of its traverse. The position of the 56th 
minimum was determined in the same way as that of the first. 
The intervening distance was measured with a steel rule, and was 
estimated at 84-925 cm. So 


55/2 X A^= 84-925cm. 

This leads to a figure of 3-088cm ± 0-125% for A^, allowing 
for errors in the steel rule and the measurements. A was 
measured with a wavemeter, newly-calibrated against a quartz 
crystal and correct to 1 part in 10^ and a value of 3 •1553 cm ± 
0*01 % was obtained. 

Therefore vjc = == 0-9787 ±0-135% 

so, from eqn. (30), X = ~ 1^ = 0-210 ± 3 % 

Owing to the form of the relation between vjc and X, all 
errors are considerably multiplied when AT is calculated, but 
even so this value agrees closely with the theoretical one. This 
may be taken as a check on the correctness of the various field 
equations. 

In Fig. 4 is seen the theoretical curve for the launching eflS- 
ciency. It can be seen that, at first, the launching efficiency 
increases very rapidly with increasing aperture, but that from 
about A = 5 cm the curve flattens out and then approaches 100% 
asymptotically. It seems from this curve that, in theory, launch¬ 
ing efficiencies of up to nearly 100% can be obtained from an 
aperture of only a few centimetres. 

The next phase of the experiments was the testing of the theory. 

A direct method of measurement was adopted, and an aperture 
similar to the hypothetical one described by Macfarlane was 
constructed. It consisted of an absorbing screen made of a 
sheet of a substance having a very low reflection coefficient, stuck 
to an aluminium plate. The non-reflecting side faced the launcher. 
The screen was suspended from a rope-and-pulley system so that 
the height above the guiding surface of its lower edge could be 
varied between zero and about 70 cm. The plane of the screen 

_ * This is an approximate value, but the solution of eqn. (31) seems to be quite 
insensitive to changes in e. A 4% change in e produces a change of only 0-0001 inpo. 
On the other hand, changes m a produce a much greater effect, 
t The average thickness of the sheet was about 0-006in over the nominal l/16in 



Fig. 4.—Launching efficiency of an aperture containing a field of 
curtailed exponential form. 

was normal to the direction of propagation of the surface wave. 
It was 2ft wide and 3 ft high, and so the effects of radiation 
leaking around it were neglected. 

Imagine now a surface wave set up by the launcher impinging 
on this screen. Then all the energy will be absorbed except that 
portion which travels through the aperture, and the field in the 
aperture will thus be of the desired curtailed exponential form. 

It has been assumed throughout the foregoing discussion that 
= pEyfCo in the aperture. This is true only if the screen is 
“black,” i.e. that all radiation falling onto it is absorbed and 
that it causes no distortion of the electric or magnetic field in its 
vicinity. The use of any other type of screen would modify the 
fields and so invalidate the theory. The screen used in the 
experiments approximated closely to the theoretical ideal. 

Even so, the former method is not applicable, for the essential 
step of matching the aperture to the surface, when the latter is 
terminated by the load, cannot be taken; any matching device 
would interfere with the exponential field distribution, and some 
of the energy would be scattered into a free-space wave and so 
lost to the system. Integration of the surface-wave field by a 
large and well-matched horn would be feasible only for large 
distances from the aperture where the surface wave predominates. 

Owing to the difficulties in measuring the launching efficiency 
outlined above, what was finally measured to test the theory 
was the ratio of the fields in the aperture and at a distance 
beyond it. If is the field strength at the surface at a distance r 
from the aperture and Ea that within the aperture, then from 
eqns. (16) and (21), 

^ = (1 - s-2kxh)g-jkva+x^)z . , . (33) 

putting S'q = iX as before. The z-dependent' factor, which 
concerns only the propagation of the wave, is neglected. The 
square of the above quantity is displayed at the output owing 
to the square law of the crystal, and so the quantity measured is 

E2 

^ = (1 - 8-^kXh)2 .(34) 

^ a 

This is equal to the square of the launching efficiency. 
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Measurements of E'^ were taken both within the aperture 
and at a distance of 86cm beyond the aperture. This is the 
maximum distance allowed by the construction of the apparatus. 
In both positions there was a periodic variation of E as the 
probe was moved because of standing waves. The mean* value 
was taken in all cases. 

It was found that effect of the power carried within the di¬ 
electric was small enough to be neglected. 

There remains to be examined the effect upon the final results 
of the Fresnel integrals in eqn. (18). Because of the presence of 
these, the practical results may not be always in accordance 
with the simple formula of eqn. (34). Suppose that in eqn. (18) 
h is very large, then the second of the Fresnel integrals tends to 
zero and so does its coefficient and the first Fresnel 

integral becomes simply The field beyond the 

aperture is then 

Q-jkVii+x2)z^(^l . . (35) 


which is the same as the field within the aperture. This means 
that the field distribution is unaffected when the wave travels 
through a very large aperture. Although this is intuitively 
obvious, the foregoing discussion justifies the correction of the 
experimental results described below. On the other hand, when 
h is very small both integrals reduce to F[jX-s/iTrrlX)], and 
it has been assumed that r is large enough for this to be put 

equal to which is the first term of the asymptotic 

expansion of eqn. (20). Putting A = rr cm [this wUl simplify 
computation, and as A = 3* 15cm in actual fact only a very 
small error will result in VCWA)], X = 1/5, and r = 85 cm, it is 
found from eqn. (20) that F 1 • 5Ss-F^°, which differs from the 
first approximation by about 11 % in modulus and H ^ m 
argument. This discrepancy is not serious, for the eflaciency 

itself will be small in this case. . i 

For intermediate values of h the arguments of the Fresnel 
integrals are complex, and their asymptotic expansion becomes 


F(«) = 


V (2'7r)« 


. (36) 


We must now use eqns. (16), (18) and (36) to get a more ^act 
expression for EJE^ than the approximate eqn. ( '• 

lecting the phase factor and putting y = 0 (smce 

all measurements are taken at the surface), we obtain 


Putting in the same values for the various constants as before 
and putting h = 3 cm, we have 

1 _e-4/<^ + 0-012(l-7) 

Ea 

Thus the correction to EJE^ is of the order of 1-2% for 
h = 3cm and the experimental error will be twice this since it is 
E 2 /F 2 that is measured. This correction then will be neglected 
to a &st approximation, but later it may be necessary to take 
account of it. 

Figs. 5 and 6 show the results of the experiment. The ratio 



Fie. 5.—Ratio of squares of electric fields within the aperture and at 
a distance r = 66 cm beyond it. 

X=0'21. 

X = 3-15cm. 
k = 2. 

- - Theoretical curve. 

O Experimental points (corrected). 


5 


A = IT cm as before, whence k = 2. 

Using the asymptotic expansion [eqn. (36}J we nave 


(37) 


E, sj 
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V(27r)(;^ +J^Vry 
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.rr/2 


2h 


= 1 - £ ^ -Vr 


(38) 


"This is not strictly accurate, but for cases like this where the reflection coeffi 
is small the error is negligible. 


of the squares of the fields is shown, for this makes con^arison 
rather easier. The two graphs are for r = 66cm and r - 85cm 
respectively The experimental points have all been corrected 
r—ing by the same constant facto, s_o that when he 
screen is drawn right out of the way E^E^- 100 It ca 
be seen that agreement between the experimental a“d 

thp curve (1 - e- 2 /c 2 r /,)2 ^^wn in on the same scale is good for 
small values of h, but that the departures from the theory become 
significant for h = 3 cm. Now the errors mtroduced by the 
power carried within the dielectric are greatest for these small 

values of A, but the correction due to ^ 

persist for values of h larger than 3cm The neglect o^he Powi 
within the dielectric is thus justified to some extent by th 

compute the relative field strengths taking 
acSSit of to FrLel integrals. Fresnel integrals for the vate 
of complex arguments needed for this calculation are not tabu¬ 
lated but there does exist a set of altitude charts for comp 
af^d^of the error function, to which the Fresnel mtegral is 

closely related, prepared by T. Laible. 
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Height of aperture, cm 

Fig. 6.—Ratio of the squares of electric fields within the aperture and 
at a distance r = 85 cm beyond it. 


X=0-2l. 

2 = S'tScm. 
ft = 2 . 

— • — Theoretical curve (to first approximation). 

-Theoretical curve (taking account of Fresnel integrals). 

O Experimental points. 


The Fresnel integral discussed above is 




whereas Laible plots 


erf (z) == 


e“''Vr 


• . (39) 


By splitting the Fresnel integral into and - 

and making the substitution ^ it can be shown that 

Hu) = - orf . . . (40) 

Then the expression for the relative field strengths becomes 




putting A = TT as before. 

The value of the above expression was computed for the usual 
range of values of h (0 to 20 cm) and the results are plotted in 
the uppermost curve of Fig. 6. This curve approximates closely 
to the simple curve (1 — e-2fcZ/))2 foj- ja^ge and small values of h, 
but at intermediate values there is some discrepancy. The 


taking into account of the Fresnel integrals does not explain the 
deviations from theory of the experimental results, for the curve 
defined by eqn. (41) is further from the experimental points 
than that defined by eqn. (34). The new curve gives £}!£}> 
100% for several values of h —a result which is not alarming 
since E}}E^ is not in this case equal to the square of the launching 
efficiency. But this might account for some of the high 
values of E}jE‘^ encountered in the measurements. So the 
Fresnel integrals will not account for the deviations of the 
experimental points from the curve E-jE^ = (1 — £“ 2 ftA'ft )_2 

A closer examination of the field produced by the aperture 
was made. The method adopted was to take a series of measure¬ 
ments of the variation of field strength with height above the 
surface using the automatic recorder. A constant aperture with 
A = 2-5cm was employed and measurements were taken for 
various values of r. 

Measurements according to the following system were made 
on the exponential portions of the various curves. The values 
of y at which the square of the field strength had fallen to l/s, 
l/e^, and 1/e^ of an arbitrarily chosen value were noted. The 
reference point was taken close to the point of inflexion of the 
curve to avoid the disturbing effect of the peak. The distances 
between the successive points were measured and called Ayj, 



Distance beyond aperture, r, cm 
Fig. 7.—Curves of field strength and form of field. 

(a) Variation of field strength with height above plane showing the method of 
analysing the graph. 

h = 2-5 cm. 
r = 26cm. 

Ay/i — yn yn—i • ' 

(by Variation of the form of the field with distance beyond the aperture. 

* = Ayi. 

O = Ay2. 

X = Aj'3. 

Ay 2 and Ayj. Difficulty of measurement precluded the taking of 
further points. The method is illustrated in Fig. 1(d). 

Now, if the field strength conforms to the theory. 
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and the values of Aj' will all be equal to \kX (the factor 2 is 
introduced by the square law of the detector). If A: = 2, A' = 
0-21, then ^kX = l-2cm. This distance will be referred to as 
the space-constant of the surface-wave mode by analogy with 
the time-constant of RC circuits. 

In only one case do the three measured values of Av equal 
\-lcm; this is for r = 11cm, but for larger distances the field 
spreads out and the space-constant varies according to the 
distance from the surface. A graph showing the values of Ay 
for the values of r for which measurements were taken appears 
in Fig. l{b), and tentative curves joining the various values of 
Ayj, Ay 2 and Ayj are drawn. When these three curves are 
most widely separated, the field departs most widely from 
exponential form. For r = 35cm the field is very much spread 
out, but further from the aperture it becomes closer to the 
theoretical form, and for the greatest values of r it seems to 
approach the theoretical value of the space-constant asympto¬ 
tically. It is significant that in all cases* it is Ayi that is closest 
to 1 -2 cm. This is the value taken nearest the surface, and it 
shows once more how the surface wave becomes dominant over 
the diffraction field near to the surface. 

Similar measurements taken for the field from the surface- 
wave launcher show the same tendency; it is always closest to 
the surface that the surface wave is dominant. This is, of course, 
in line with the measurements of X which are in close accord 
with theory. The field from the variable aperture begins to 
settle down to the theoretical form when r = 80 cm, but the 
diffracting screen is only 52cm from the end of the launching 
flare so that the field set up in the plane of the aperture will 
depart from the true exponential for quite small distances above 
the surface. For small values of h the aperture would contain 
a field of nearly pure exponential form, but as h increases the 
upper portions of the aperture will contain a field seriously 
modified by the diffraction pattern of the launcher. It has been 
assumed in all the foregoing theoretical discussion that the 
aperture contains a field of pure exponential form, but in practice 
this will be more and more seriously modified as h increases. 
It is to be expected that the launching efficiency will most 
nearly approach the theoretical value for small values of h. This 
would account for the discrepancies in the measured values of 
E}lEl on the assumption that the distorted aperture field results 
in an increase in the diffraction field of the aperture at the 
expense of the surface-wave field. The strength of the surface 
wave at y == 0 would then be reduced, and the measured values 
of E^jEl might resemble those shown in Fig. 6. 

(7) CONCLUSIONS 

The main object of the work described in the previous Sections 
was to confirm' the reported properties of the surface wave and 
to investigate the setting-up of a plane surface wave. It was 
found to be relatively easy to excite a surface wave; almost any 
launching device would do that, and the surface wave when 
set up behaved much as was predicted in such matters as field 
distribution and phase velocity. The efficient excitation of the 
surface wave was more difficult, but the 50 % efficiency of the 
double-cheese launcher, which was designed on purely empirical 
considerations, provided a surface-wave field of sufficient purity 
to enable a more systematic investigation to be undertaken. It 
was found that, in theory, it is possible to get laimchmg efficiencies 
of nearly 100% from apertures no more than 2A in extent, but 
that, in practice, such efficiencies were not attained. Thus it 
was presumed, after examination of various possible sources of 
error, that it is necessary to have a very good approximation to 
the exponential field distribution within the launching aperture. 

• There is one exception: for r = 87cm, Aj ’2 is greatest, but this discrepancy is 
within the limits of experimental error. 

VoL. 102, Part B. 


The design of such a launcher is evidently the next part of this 
problem to be attacked. For small apertures, which can have a 
nearly exponential field distribution, the theory was followed 
quite closely by the experimental results. 
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SUMMARY 

After a brief discussion of existing methods of measurement and 
their limitations, a simple arrangement is described which makes it 
possible to obtain the required parameters quickly and accurately. 


(1) INTRODUCTION 

In experimental as well as quantity production of magnetrons 
it is desirable and frequently essential to determine performance 
characteristics of valves so far as possible by means of cold 
measurements. These are carried out prior to final assembly, 
and greatly simplify modification of design and elimination of 
faulty components. 

Since the multi-cavity magnetron is essentially a fixed-frequency 
device, the frequency has to be controlled within specified limits. 
Tuning methods have been developed, but these introduce con¬ 
structional difficulties which are generally complex and become 
prohibitive at millimetre wavelengths. The frequency is affected 
by the characteristics of the load connected to the magnetron, 
and in general it is not possible to maintain these at a constant 
value, since the exact electrical length of waveguide attached to 
the magnetron is not under control. It is therefore convenient 
to define pulling figure as the sum of the maximum frequency 
excursions on either side of the nominal frequency due to changes 
of position of a reflecting discontinuity giving a 1 • 5 : 1 standing- 
wave ratio. 

The value of the pulling figure is determined by the coupling 
of the magnetron into its waveguide, and it has been found to 
be a very difficult quantity to control—particularly in short- 
wavelength magnetrons. The coupling coefficient cannot be 
altered once the valve is completed. 

In order to obtain cold measurements of frequency and 
pulling figure it is customary to measure the reflection of the 
cold block on the end of a length of waveguide with a variable- 
frequency local oscillator. The resonant frequency is indicated 
by minimum reflection. The sharpness of response in detecting 
resonance will depend on the loaded Q-factor of the block. 
Measurements of the Q-factor are important because—as well 
as determining the overall efficiency of the magnetron—the 
loaded Q-factor determines the magnitude of the effect on the 
oscillating frequency of changes in the impedance of the external 
load, and hence the pulling figure. 

The most commonly employed methods to obtain resonant 
frequency and pulling figure are: 

(a) Determination of Q-factors based on measurements of 
standing-wave ratio. This involves observation of the variation 
of position of the minimum of the standing-wave pattern as a func¬ 
tion of frequency. It requires a large number of experimental data 
and becomes lengthy and tedious when carried out with a manually 
controlled variable-frequency local oscillator and standing-wave 
indicator. 

(b) Direct measurement of resonant frequency based on maximum 
power absorption at resonance. 3 This is a more rapid method 


Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 

Dr. -Barrington is at the Services Electronics Research Laboratory Extension 
(Admiralty). 


which makes use of a frequency-modulated local oscillator coupled 
to a cathode-ray oscillograph time-base in such a way that the 
X-deflection of the spot varies with the generated frequency, giving 
a horizontal wavelength scale. 

At resonance, the power reflected by the magnetron under test 
is a minimum. This can be determined by observing a dip in 
the amplitude of the reflected power as detected by means of a 
crystal in one arm of a directional coupler and displayed on the 
Y-axis of the cathode-ray-tube screen. The magnetron frequency 
can thus be measured directly with an absorption wavemeter. 
If the magnetron is set up with a 1-5:1 standing-wave-ratio 
movable puller, the whole constitutes a resonant system, and the 
pulling figure is merely the maximum change in resonant fre¬ 
quency for a change in puller position. This method can there¬ 
fore be applied to the combined system of magnetron and 
puller to find the pulling figure. However, since the Q-factors 
of 8-mm magnetrons are comparatively small, the dip displayed 
on the cathode-ray-tube screen is not sufficiently sharp to give 
an accurate indication of the resonance position, and measure¬ 
ments are made more difficult owing to variations of local- 
oscillator output over the scanned frequency band. Whilst 
straightforward in theory, therefore, this method is not 
sufficiently accurate. 

The simple arrangement described below makes it possible 
to overcome these limitations, since it is based on observations 
of the rate of change of standing-wave ratio, which, even with 
low Q-factors, can be measured quite easily at resonance. 
Furthermore, since standing-wave measurements are not affected 
by variations of the local oscillator output, this source of 
inaccuracy is eliminated. 


(2) METHOD 

The output from a square-wave amplitude-modulated con¬ 
tinuous-wave oscillator is applied to the magnetron under test. 
Signals proportional to outgoing and reflected power are obtained 
by means of directional couplers and, after rectification and 
amplification, are applied to the X- and Y-plates of a cathode-ray 
tube. If signal A, proportional to the outgoing power, is applied 
to the X-plate, and signal B, proportional to the reflected power, 
to the Y-plate, a straight line trace is obtained which is inclined 
to the X-axis at an angle (/>, where (jj = arc tan BJA. This angle 
is independent of the amplitude of the local-oscillator output 
and depends only on the impedance presented by the magnetron. 
At resonance ^ is a minimum. By manual adjustment of the 
local-oscillator frequency, the minimum position can easily be 
observed on the cathode-ray-tube screen, since the rate of change 
of ^ is a maximum at resonance; 


i.e. if 


tan cfi 



then 


d<f> 

dx 


sec^i^ 


cos'^cj) 


For small values of cos ^ and hence dcj^/dx is a maximum. 
The resonant frequency can then be measured with an absorp- 
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tion wavemeter. Similarly, as indicated previously, by setting 
up the magnetron with a movable puller, the change of resonant 
frequency with change of position of the puller probe can be 
observed. The pulling figure is then obtained as the sum of the 
maximum frequency deviations from the nominal value of 
frequency as the puller probe is moved along the guide. 

In the equipment used at present, as is shown in Fig. 1, a 



Fig. 1.—^Eight-millimetre resonance display. 


small phase difference between the X and Y amplifiers results in 
an elliptic rather than a straight-line display on the cathode-ray- 
tube screen. However, it is not difficult to observe resonance, 
which is indicated by an ellipse of minimum minor axis. Further¬ 
more, if the power supplied by the klystron as read by meter (i) 
is kept reasonably constant, the reading on meter (ii), propor¬ 


tional to reflected power, indicates a sharply defined minimum 
at the resonant frequency. 

(3) ACCURACY OF RESULTS 

Cold-frequency determinations have been made to the same 
order of accuracy as those measured with a standing-wave 
indicator. Values of cold frequency were higher than the corre¬ 
sponding oscillating frequency by an almost constant difference 
of 120Mc/s for a large number of valves. In the type of 
magnetron investigated, pulling figures of the order of 50Mc/s 
are usually required. The measurement of the pulling figure 
of oscillating magnetrons depends critically on the standing- 
wave ratio of the test bench following the puller, and under 
optimum conditions it is accurate to within ±5Mc/s. Cold 
pulling-figure measurements on a number of magnetrons have 
given values which agreed to within this limit with the pulling 
figure of oscillating valves, a result which, in view of the change 
of nominal frequency in the two cases, may be considered 
somewhat surprising. 
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DISCUSSION ON 

‘‘PRINTED AND POTTED ELECTRONIC CIRCUITS”* 

SOUTH MIDLAND RADIO GROUP, AT BIRMINGHAM, 23RD NOVEMBER, 1953 


Mr. A. Biklcer: During the last war the Germans found them¬ 
selves very short of copper and began to use aluminium con¬ 
ductors. During war-time the question of how much can be 
got from every ton of raw material is vital, and it occurs to me 
that printed circuits would show a better material yield than 
conventional methods. Can the author's confirm this ? 

Mr. L. G. Ward: Dip soldering has been common practice for 
years on small motors for the soldering of squirrel cages and 
commutator connections. A rather limited experience of it 
has shown me that, although it is 100% reliable under ideal 
conditions, it can produce dry joints amongst the good ones if 
the conditions are not ideal. 

Since the embedded resistors are level with the surface of the 
block, presumably there is only one surface from which the 
major part of the heat can be dissipated. It is possible that 
over this there may be a stationary film of air, because it is flush 
with the face of the block; if this is so, it could further reduce 
the cooling. Could the authors give an idea of the size of these 
resistors for a given heat dissipation ? 

Mr. A. W. Binns: As one who is mainly concerned with the 
domestic-radio field, I do not agree with the statement in Section 2 
that the printing of grade II resistors, low-value capacitors, 
certain inductors and potentiometers and all the wiring “will 
be a major contribution, since approximately 50-70% of the 
total components in the average radio or radar equipment is 
composed of these items.” Is this statement based on the 

* Dummer, G. W. a., and Johnston, D. L.: Paper No. 1407 R, November, 1952 
(see too, Part ni,p. 177). 


monetary value or the number of components? I would agree 
with reference to a radio set if it is based on the number of 
components, but it is not true of the value, which lies almost 
entirely in a few large items such as the cabinet, the loudspeaker, 
ganged variable capacitors, mains transformers, etc., and until 
it became feasible to print these, the printed-circuit technique 
would not represent a great saving in cost. The position would 
probably be eased if we persuade the B.B.C. to use higher 
frequencies. 

Has any attempt been made to produce or print variable 
capacitors or trimmers, or capacitors with values up to 
450 ^/xF? 

Brigadier F. Jones: Should we be right in concluding that the 
application of printed and potted circuits is more in the field of 
high frequency than for medium or low frequency, because of the 
smallness of the components ? 

Mr. M. P. Johnson: Can the authors say what an American 
factory turning out this equipment looks like? Do they have 
production lines and do they look like an English factory ? What 
would be the American percentage of rejects ? 

Mr. T. D. G. Wintle: Can the authors give some idea of the 
durability of the printed film, particularly regarding its resistance 
to abrasion? It would appear that this means of connection 
could be used in electrical assessories and similar light-current 
applications. It would be undesirable to use a chemical process, 
but some form of offset printing would be economical. Any 
form of varnishing for protection would make the idea less 
attractive from the cost aspect. 
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What maximum currents have been carried by printed 
circuits, and have clamped connections, with no soldering, been 
successful? 

Mr. G. L. G. Jeans: In all the circuits shown in the paper there 
are no cross-overs. There may be circuits such as bridge circuits, 
where it is necessary to have cross-overs. How are such cross¬ 
overs insulated ? 

Mr. J. J. E. Aspin also contributed to the discussion. 

Messrs. G. W. A. Dummer and D. J. Johnston {in reply): For 
convenience we have grouped our reply under the speakers’ names. 

Mr. A. Bikker. —It is possible that printed circuits can show a 
saving of material over conventional methods. The current- 
carrying capacity of the foil is high and the whole of one surface 
is exposed for heat dissipation. A normal connecting wire has 
a much greater volume than the equivalent printed-circuit wire. 
Although excess copper is bonded to the material, in the acid-etch 
system the copper can be recovered during the etching process. 

Mr. L. G. Ward. —Experience with dip soldering has shown 
that if the conditions are ideal 100% reliability is obtained and 
it is stressed that mechanization of the process is essential. If 
this is done, then close control can be maintained and no failures 
should be experienced. 

Although the embedded resistors are level with the surface of 
the block, so that one surface only is available for dissipat¬ 
ing heat, the surface/thickness ratio is extremely high and, in 
general, carbon-mix resistors can be rated at up to 1^ watts/in^, 
this being limited by the nature of the material on which the 
resistor is printed. 

Mr. A. W. Binns.—The figure of 50-70% of the total com¬ 
ponents is based not on the monetary value, but on the number 
of components. The greatest saving in cost using normal com¬ 
ponents is probably in the dip-soldering technique, which 
enables much hand-labour to be replaced. Some components, 
such as transformer windings, simple switches, etc., have been 
produced experimentally by printed means, and it is possible to 
produce small trimmer capacitors by rotational adjustment or 


by rotation of a small plate above the deposited metal, but no 
successful variable capacitor or high-value capacitors have yet 
been produced by printed techniques. 

Brigadier F. Jones. —The limitation referred to in printed 
circuits would probably be in coils, where the restriction on the 
number of turns which can be printed limits the frequency range, 
although it should be pointed out that losses in the material on 
which the coil is printed will limit the upper frequency range. 

In potted circuits the losses in the resins will most certainly 
limit its usefulness at high frequencies. 

Mr. M. P. Johnson. —^American factories producing printed 
circuits by standard techniques are similar to those in the United 
Kingdom, but most of the effort in America is being devoted to 
automatic assembly of electronic units; in this case the factories 
are laid out on completely different lines, and normal production 
lines of operatives are being replaced by static machines with a 
few attendants. 

It is very difficult to estimate the American percentage of 
rejects. They are probably higher at the moment than with 
normal established techniques, but no doubt will be reduced as 
further experience is gained in the operation of these machines. 

Mr. T. D. G. Wintle. —^The durability of printed wiring on the 
etched-foil system is good, comparable with that of copper itself, 
and it is in use in some electrical accessories. 

The maximum currents carried by printed circuits are very 
high indeed, and currents of 6amp can be carried on l-5mil 
foil 1/32in wide, with a temperature rise of 25° C above ambient, 
on a plastic base. On ceramic bases the current-carrying figures 
would be many times higher. So far as is known, no clamped 
connections have been tried. Problems here would be similar to 
those experienced between metals such as copper and the clamp 
material. 

Mr. G. L. C. Jeans. —In most circuits cross-overs can be 
avoided by careful design, but where they are essential, eyelets 
or studs can be used with part of the wiring on the reverse side 
of the plate. 


DISCUSSION ON 

“ELECTRONIC TELEPHONE EXCHANGES”* 

MERSEY AND NORTH WALES CENTRE, AT LIVERPOOL, 4TH JANUARY, 1954 


Mr. T. A. P. Colledge; At the present time we have no 
experience in the maintenance of electronic exchanges, but this 
will bear some similarity to maintenance in repeater stations in 
carrier and coaxial-cable systems. An analysis of faults found on 
overhauls of an automatic exchange and on these repeater 
stations shows that 60-80% of the faults are due to dry joints. 
This type of fault will occur in both electronic and electro¬ 
mechanical exchanges, so we can regard it as a common factor 
and ignore it when assessing the advantage of the one exchange 
over the other. Can the author confirm that this is a reasonable 
assumption? The remainder of the faults are due to electrical 
and mechanical troubles. In purely electronic equipment 
functional testing will be a matter of checking meter readings, 
which may be quickly done. Fault location is generally the 
longest operation and requires top-grade staff. Even so, a 
mechanical fault often passes a number of functional routine 
tests but still occurs intermittently in service. To overhaul a 
2-motion selector thoroughly takes a skilled technician from 
1 to H hours, whereas an electrical component can be found 
and replaced within a few minutes. 

In complex equipment, poor design can make the changing 

* Flowers, T. H.: Paper No. 1266, February, 1952 (see 99, Part I, p. 181). 


of a component a major operation comparable with component 
changes in mechanical switches. Jacking-in blocks of equipment 
is desirable, but if taken to excess the jack points tend to become 
the major source of faults. Valve-holders have given con¬ 
siderable trouble in the past. Have we developed a valve- 
holder of a reliable type, or do we have to solder in our 
valves ? 

Again, when fast-operating electronic equipment is used, the 
designer is tempted to utilize common equipment to such a 
degree that there is no latitude for the maintenance staff to take 
it out of service for overhaul during the day. This concentrated 
use will undoubtedly save initial costs, but it may well eventually 
cause a loss of traffic and the good will of the public, apart from 
the extra maintenance costs involved. It is hoped designers will 
bear this in mind when deciding on the type and quantity of 
electronic equipment they put into service. 

I have no figures for the clear division of faults found on an 
electro-mechanical equipment, but as a result of the study of 
fault reports I am convinced that 75% are due to mechanical 
failures. Could the author give figures of the comparative 
nature of faults found on that part of the Richmond exchange 
which is working on electronic equipment and the faults found 
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on the electro-mechanical part of the same exchange ? I under¬ 
stand the number of faults on the electronic exchange has 
fallen by about 10 % since the valves have been left in position 
and not removed for testing purposes. Some day perhaps we 
may be able to replace the telephone dial at the subscriber’s end 
of the system. I imagine this will be our next problem. 

Mr. J. A. Mason: Two years have passed since the paper was 
first published, and of recent developments the author has 
referred to transistors, but what of magnetic-drum storage? 
Have these two items, and possibly others, affected the author’s 
concept of the most promising switching system? The bulk of 
the post-war products of the manufacturers of electro-mechanical 
systems have been supplied to oversea customers against world¬ 
wide competition, and it was rather disturbing to note the 
statement in Section 8 that “the consequential possibilities in 
transmission network design and construction are such as to 
justify electronic-exchange development, even if the other signs 
were not so propitious.” Improvements in transmission net¬ 
works can have only long-term value, and oversea customers are 
vitally interested in first costs of exchange equipment. Appre¬ 
hensions as to first costs are not lessened by the amount of 
equipment required (according to Fig. 7) for the subscriber’s line 
circuit—that most vital of all parts of the switching equipment 
so far as economics are concerned. 

The future of electronic switching systems must lie in the 
availability of reliable components and in economics in terms 
both of first costs and annual charges. The cost of maintenance 
is obviously important, but in oversea competitive markets the 
first cost determines whether or not one receives the contract 
for the exchange equipment. 

Since electronic switching stems from techniques developed 
during the war for electronic computers, etc., international 
patent problems are likely to provide a serious obstacle to the 
development and employment of an ideal electronic switching 
system. Has the author any comments on this aspect? 

Mr. L. J. Murray: There are two schools of thought in the 
design of electronic switching systems, one of which may be 
referred to as the “multipled element” switch school and the 
other as the multiplex school. From the paper one may get the 
impression that to form an electronic system of the multipled- 
element type one has to replace every switching contact in the 
existing Strowger system by a cold-cathode tube or other elec¬ 
tronic element. That is not altogether the case. One can take 
a simple 100-line electro-mechanical exchange having, say, ten 
line-finders and ten 100-point final selectors, i.e. 20 switches each 
with 100 sets of switching-bank contacts, a total of 2 000 in all. 
Its electronic counterpart of the multipled-element type would 
also have ten 100-point line-finders and ten 100-point final 
selectors, but instead of two separate sets of bank multiples it is 
necessary to have only one, because the electronic switching 
system can, in effect, have the line-finder and final-selector wipers 
working on the same bank. Therefore there are only ten sets of 
contacts, making 1 000 in all, and so there is only half the total 
number of switching contacts as in the electro-mechanical 
system. This would not apply in larger exchanges, but for such 
exchanges there are switching systems which are becoming 
familiar through the present-day crossbar systems known as 
co-ordinate or link systems,, and they can reduce the number of 
contacts to one-third, or one-quarter of the number required in 
the Strowger switching system. Electronic elements such as 
cold-cathode tubes can be used to simulate these crossbar 
switches. 

Referring to another trunking point, I have always thought 
that the old manual switchboard system gave an efficient trunking 
system, because a set of three operators working on one 
appearance of a 10 000-line multiple formed a switching unit 


with, say, 500 inlets, 10 000 outlets and perhaps 50 cord circuits 
as intervening links. That, in fact, was a form of multiplex 
switch, and electronic multiplex circuits are trying to do the 
same, but it would appear that for time-division multiplex a 
capacity of 100 outlets from the switch seems to be the practical 
limit. Does the author agree with this, because it makes it 
necessary to build up the exchange as in the present system by 
having several stages of switches? It appears that modulation 
and demodulation will be required at each stage, and this tends 
to offset the other advantages of the multiplex switch. 

One point which the author has not mentioned is that the 
speed of electronic switching enables the best advantage to be 
taken of what is known as the second-trial feature, i.e. if the 
control cannot complete the call within a given time it makes a 
further effort. It has proved extremely useful in relay cross¬ 
bar switching in the United States, and it is recognized that it 
reduces the number of subscribers’ complaints. 

Mr. J. B. F. Williams: One of the main points from the overall 
cost aspect is that for the first time in an automatic telephone 
exchange the “go” and “return” paths have been split. This 
means that we can have any reasonable amount of amplification 
in a subscriber’s line, and therefore the very considerable cost of 
the external line plant may be reduced. At present we install 
progressively heavier cables of 6-^101b gauge or larger from the 
exchange to the exchange boundary; with an electronic exchange 
we could, in fact, utilize a cable of 2^lb gauge throughout 
(except for the final terminations), and therefore in the British 
Post Office, at least, where we consider the overall economics of 
both the equipment and the line plant before any new switching 
is brought into being or old exchanges are modified, there must 
be a very considerable saving that could be made on line plant 
which would allow the electronic exchange equipment to be more 
expensive than the electro-mechanical equipment, while at the 
same time the electronic system as a whole could be more 
economic. 

Mr. T. H. Flowers (in reply): I agree with Mr. CoUedge that 
unintentional dry joints are a common factor at present, but 
one which I feel must be eliminated from all types of exchange. 
Intentional dry joints in the form of plugs and jacks should 
also be reduced to a minimum; certainly valve-holders should 
be replaced by soldered connections. It is not possible to quote 
reliable fault figures for the Richmond electronic directors, as 
these are experimental to gain experience in design and main¬ 
tenance techniques, and as a result of which better equipment 
can now be made. It can be said, however, that the electronic 
directors as tested are at least as reliable as the electro-mechanical 
ones. 

In reply to Mr. Mason, it is true that much has been disclosed 
and learnt since the paper was written. The general tendency 
has been to strengthen the belief that the fully electronic exchange 
will eventually compete with existing types of exchanges without 
changing the author’s view that time-division multiplex is likely 
to be a very powerful tool in achieving this end. One can foresee 
that there may be trading and patent difficulties, but at this stage 
it is too early to try to assess them. 

Mr. Murray’s point about minimizing the number of multipled 
elements is no doubt true, but the number is still formidable. 
The maximum number of channels in a time-division multiplex 
is still about 100, but systems which were under developemnt 
when the paper was written make it possible to have much 
greater numbers of lines connected to one multiplex system, and 
thus to have connections through exchanges with only one or 
two modulation and demodulation stages. 

I entirely agree with the merits of the second-trial feature, and 
also with Mr, Williams’s points regarding exchange-line-plant 
construction and economics. 
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By J. ALLISON, B.Sc.(Eng.), Graduate, and F. A. BENSON, M.Eng., Ph.D., Associate Member. 

{The paper was first received 20ih August, and in revised form 15/A October, 1954.) 


SUMMARY 

Detailed examinations of certain 3 cm waveguides have shown that 
the surface finish of precision-drawn tubing as manufactured at present 
is quite adequate for most applications. Such surfaces, however, may 
be improved, if desired, by careful chemical or electrolytic polishing 
or electroplating in bright baths under closely controlled conditions. 

Some information on the surface finish of copper guides electro- 
formed on various types of mandrel is also presented. 

Formulae for calculating the attenuation of any H or E mode in a 
rectangular waveguide, so as to take account of surface roughness, 
have been developed from the original expressions derived by Kuhn. 

A method is given for determining the actual value of attenuation 
in a waveguide sample without having to make careful measurements 
with elaborate equipment on long specimens. 

A description is included of a new and simple technique, involving 
electropolishing, for examining the internal surface finish of wave¬ 
guides; the method cannot, however, be used successfully on silver- 
plated sections. 


LIST OF PRINCIPAL SYMBOLS 

a = Short internal dimension of waveguide. 
b == Long internal dimension of waveguide. 
c — Velocity of light. 

= Magnetic field of a wave sliding on the inner surface 
of the waveguide wall, 

Kn 1 

Kj <2 ^ = Surface-roughness factors in attenuation formulae. 

W — Characteristic density of energy. 

a = Conductivity of waveguide wall metal. 

/xj = Permeability of waveguide wall metal. 

= Guide wavelength. 

= Wavelength in unbounded dielectric. 

A^.,. = Critical guide wavelength, 
e = Permittivity of dielectric (in this case air). 

IX ~ Permeability of dielectric (in this case air). 
o£ = Attenuation produced by wall metal. 

= Attenuation produced by wall metal for an H wave, 
neglecting surface roughness. 

(Xjg = Attenuation produced by wall metal for an E wave, 
neglecting surface roughness. 

ot'jf = Attenuation produced by wall metal for an H wave, 
taking account of surface roughness, 

= Attenuation produced by wall metal for an E wave, 
taking account of surface roughness. 


(1) INTRODUCTION 

Abnormally high attenuation in certain conductors at micro- 
wave frequencies has been reported by Vivian,* Morgan,^ 
MaxwelP and others.Two papers concerned with wave¬ 
guide attenuation have also been published recently by one of 
the authors.**’*^ One** deals with the attenuation in drawn 
rectangular tubes, giving maximum values of roughness to be 
expected in these tubes, and concludes that the discrepancies 
between measured and calculated attenuation values are due 
solely to the roughness of the internal surfaces. The second 
paper*2 describes a study that has been made of the roughness 
of some electroplated waveguides. Although silver-plating of 
waveguide components seems to be standard practice, it has 
been shown that plating may not give the expected reduction in 
attenuation and is probably not worth while for many appli¬ 
cations. 

The present paper describes detailed examinations of the 
roughness of various waveguide surfaces, the majority of which 
are much smoother than those previously tested.**-*2 The 
results of a few attenuation measurements on some precision- 
drawn waveguides have already been given, and the surface 
roughness of this type of tube has now been determined. The 
effects of chemical and electrolytic polishing on the nature of the 
surface finish have been observed and some further work on 
electroplating from bright baths has been undertaken. Details 
are also included of the surface roughness of copper guides 
electroformed on various types of mandrel. 

It has been shown previously** that the attenuation produced 
in a rectangular waveguide carrying the normal Hqi mode can 
be calculated from a modified Kuhn formula*^ by introducing 
three surface-roughness factors. In deriving this formula, how¬ 
ever, it was assumed that for the top and bottom walls of the 
tube the transverse surface irregularities affect equally the losses 
due to transverse and longitudinal components of current. An 
improvement in the previous calculation procedure has therefore 
now been made without this assumption and has led to a more 
accurate expression. The calculations have also been extended 
to provide modified Kuhn formulae, taking account of surface 
roughness, for determining the attenuation of any or 
wave in a rectangular waveguide. 

Results of attenuation measurements agree very well with the 
new modified theory. The more elementary theory previously 
submitted also gave a reasonable interpretation of the experi¬ 
mental figures because the values of the surface-roughness 
factors are not very different either from each other or from 


Zg = Specific impedance of waveguide. 

Zi, V = Transverse impedances of waveguide. 


Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 

Dr. Benson and Mr. Allison are in the Department of Electrical Engineering, 
University of Sheffield. 

[2 


unity. 

Morgan^ has made a theoretical investigation of the power 
dissipated by eddy currents in a metallic surface at microwave 
frequencies in the presence of regular parallel grooves or scratches 
whose dimensions are comparable to the skin depth. The 
solution of this highly idealized problem shows that the power 
dissipation in grooves of various sizes and shapes transverse to 
the direction of induced-current flow is increased by about 60% 
] 
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over its value for a smooth surface when the r.m.s. deviation of 
the grooved surface from an average plane is equal to the skin 
depth. The exact shape of the grooves, according to Morgan, 
is not critical. Loss caused by grooves parallel to the current 
flow is shown, in a particular case, to be about one third as 
great as the increase caused by transverse grooves of similar 
size. The results given herein indicate that the special kind of 
surface studied by Morgan is seldom, if ever, found in practice, 
a fact which has also been confirmed by earlier attenuation 
measurements.^ * 

In the past it has been found difficult to determine the surface-' 
roughness factors accurately, but a method has now been evolved 
for obtaining their precise values. In this way, the difference 
between actual and theoretical attenuation values can be pre¬ 
dicted by calculation without the necessity of making careful 
measurements on long lengths of tube by means of special 
test equipment. In previous calculations the longitudinal sur¬ 
face-roughness factors have sometimes been taken as unity, 
but during the investigations here described they have always 
been measured, with a view to greater accuracy in the calculations. 

A technique involving electropolishing for examining the 
internal surface finish of waveguides is described. This method 
is a considerable improvement over the earlier ones and enables 
scratch-free surfaces to be obtained with very little effort. The 
results indicate that, for most applications, the surface finish of 
brass and copper precision-drawn tubes as at present manu¬ 
factured is quite satisfactory, although chemical and electrolytic 
polishing or bright plating, under closely controlled conditions, 
will give a lower attenuation if this is desired. 


(2) CALCULATION OF ATTENUATION IN WAVEGUIDES 

A general formula for calculating the attenuation produced 
by losses in the wall metal of a waveguide has been derived by 
Kuhn* 3 and can be applied to any wave mode in either 
rectangular or circular waveguides. The assumptions made by 
Kuhn in developing the formula have been previously stated** 
and it has been shown that, for the Hqi mode, which is the 
one most commonly generated, the attenuation expression can 
be modified to account for surface roughness. This is done by 
introducing three additional factors, 

factor is defined as the ratio of the length of the actual 
surface to that of the ideal surface for the long sides of the wave¬ 
guide transverse to the axis, and Kj ^2 *s the corresponding factor 
for the short sides. The factor Kp accounts for the effects of the 
surface roughness in the longitudinal direction and is defined 
in a similar manner to Kj-^ and Kj’ 2 - Measurements show that 
for any given waveguide both the long and short sides have 
about the same values of Kp, so one longitudinal roughness 
factor only is introduced into the calculations. 

The modified formula can be further improved as shown in 
the Appendix (Section 11), and for the particular Hqi mode the 
new expression is 
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It is shown in the Appendix that the formulae derived by 
Kuhn for the attenuation of either an wave or an wave 
in a rectangular guide may also be modified to include the 
effects of surface roughness. The expression for the Hj,n, wave 
then becomes 
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An alternative form of eqn. (2), in which the ratio AJA^,,. is 
the only parameter involving wavelengths, is sometimes useful; 
it is 
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With the ratio AJA^,. as the only parameter involving wave 
lengths the alternative form of this expression is 



C jUj/e x */2 1/2 
cr 



8k;Kp 


(9) 


Thus the ratio of the calculated attenuation which takes 
account of surface roughness to that which assumes a perfectly 
flat surface becomes, for the wave. 


where 
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The expression for Ej,n, waves corresponding to eqn. (10) is 

^=Kp ...... (12) 

For the special case of the Hqi mode 



Thus if the values of the surface-roughness factors are deter¬ 
mined for a specific guide, its actual attenuation for any mode 
can be accurately estimated from the above equations. The 
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values of alone are useful for comparing the 

practical performance of various surfaces without having to 
use the equations. 

(3) ELECTROPOLISHED WAVEGUIDES 
For some metals, electropolishing provides a remarkably 
good surface finish, at least equal to, and in some cases better 
than, that given by the usual mechanical processes. The principle 
underlying electropolishing is that of selective dissolution under 
the influence of current, whereby the surface is made pro¬ 
gressively smoother and more brilliant. The actual mechanism 
is still obscure, but the presence of a viscous film of the products 
of interaction between the metal and the electrolyte at the 
metal/liquid surface is known to be responsible for the uneven 
dissolution of the anode surface. The film/electrolyte junction 
does not follow the metal surface irregularities so that the film 
thickness is not constant. Jacquet^s explains that the film 
influences the dissolution of the anode because the resistance of 
the film is lower at the crests than at the hollows. This results 
in a varying current-density and preferential dissolution which 
leads to a general smoothing of the surface. Other theories‘^>i7 
indicate that the polishing mechanism is closely associated with 
diffusion of the dissolution products through the concentrated 
layer. 

Many rnetals can be polished in this manner^^ and there is no 
difficulty in treating copper, brass, silver or aluminium wave¬ 
guides. Chemical and structural inhomogeneities constitute 
serious difficulties in electropolishing, but since waveguides are 
generally made of either pure metals or simple alloys such 
problems are not so important.Further, it is the microprofile 
of a surface which is eliminated by electropolishing, the macro- 
profile, or general waviness, remaining. This is an advantage 
when polishing waveguides, since the microroughness affects 
the attenuation more than the general undulations^ do. 

During the investigations described a 2 in length of 3 cm 
precision-drawn copper guide was polished internally, using 
a smaller rectangular copper waveguide as an internal cathode 
and the specimen as anode. The polishing bath consisted 
of two parts of orthophosphoric acid and one part of water. 
The voltage, which was found to be very critical, was 1-8 volts 
and the polishing time was 30 min. At voltages below the 
optimum value the specimen presented an etched appearance; 
higher voltage caused gas evolution and pitting. 

A 2 in length of 3 cm precision-drawn brass waveguide 
was next electropolished internally, using a 0-75 in X 0-25 in 
solid copper cathode in the same bath as used for the copper 
sample. This cathode had a much better throwing power than 
the previous one. It was also found that the optimum value 
for the polishing voltage can be deduced from the voltage/current 
characteristic of the electrolyte. The best polish is obtained 
at a voltage just below that which causes gassing at the anode, 
as indicated by a sharp increase in current density for a small 
change in voltage. By this method the smoothest internal finish 
was found to be produced by a voltage of 2-45 volts and a 
polishing time of 50min. 

(4) CHEMICALLY POLISHED WAVEGUIDES 
Chemical polishing has been used in an attempt to improve 
the interior finish of both brass and copper drawn waveguides. 
The theory of the levelling produced by this method has been 
given by Pinner. a thin film of oxide or basic salt of the 
metal is present on the surface during polishing. The surface 
is smoothed because slower diffusion of metal ions from micro¬ 
depressions than from microelevations causes the film over the 
elevations to be dissolved at a greater speed by anions in the 


polishing solution. The metals which can be chemically polished 
are copper, brass, bronze, nickel-silver, nickel, zinc, aluminium, 
iron, steel and most aluminium alloys.^^’^i Bright-dipping 
processes for copper, most of which are based on mixtures of 
nitric acid, sulphuric acid and water, have been used with some 
success, and a definite smoothing action has been achieved.^^ 
Chemical polishing solutions based on phosphoric-acid mixtures 
have a similar overall smoothing action for large surface irre¬ 
gularities, but they have a higher micropolishing action which 
produces a finish of considerable specular reflectivity. These 
solutions are suitable for brass, nickel-silver, nickel and Monel 
metal. To obtain the desired result the total thickness of metal 
removed must be between 0-001 and 0-0015 in. Best results 
are obtained, as in electropolishing, with pure metals and single¬ 
phase alloys. As a general rule, pronounced differences may be 
found in the finishes obtained on alloys of the same composition, 
the degree of smoothness varying with the grain size. Cold- 
worked surfaces polish better than annealed sheet or strip. 

■ Provided that the correct operating conditions and composition 
of the solution are found, chemical polishing can be used to 
improve the internal surface finish of copper and brass wave¬ 
guides. 

Chemical polishing of some precision-drawn copper guide 
was carried out during the investigations here described in a 
commercial phosphoric acid solution, the exact contents of 
which could not be ascertained. Some precision-drawn brass 
guide was then polished by a process and with a polishing 
solution identical with those employed for the copper. In this 
way, comparison could be made between chemical polishing of 
surfaces of different composition and texture. 

(5) BRIGHT-PLATED SURFACES 
(5.1) Silver 

The addition of carbon disulphide to silver-cyanide baths as a 
brightening agent was suggested as early as 1847. More modern 
addition agents contain sulphur in the form of turkey-red oi],^^ 
cyanates, etc. The addition of these agents in the correct pro¬ 
portions gives a considerably brighter silver surface with a 
certain degree of levelling. Previous results^^ on a waveguide 
plated in a cyanide bath containing turkey-red oil were remark¬ 
ably good. The plated surface was found to follow the original 
one very closely indeed and was, in general, a little smoother. 
Many more experiments have now been carried out using 
cyanide baths with turkey-red oil and carbon disulphide brighten¬ 
ing agents in an attempt to produce a plated surface smoother 
than the original surface. 

(5.2) Copper 

Bright-copper plating shows a great improvement over acid 
or cyanide copper plating with regard to smoothness of deposit 
and general levelling properties.^^ Bright-copper deposits are 
usually obtained by adding small quantities of colloidal materials 
(naphthol, gelatine, etc.) to either an acid or a cyanide bath. 
This results in an increase of lustre of the surface with a decrease 
in the grain size. Certain organic contaminants may cause 
dullness of the finish, but these may be eliminated by filtering or 
employing activated carbon. 

A short length of precision-drawn brass guide has been 
plated by the use of an Efco-Udylite bright acid-copper solu¬ 
tion for the purpose of examining the levelling properties of 
the plate. This bath is reported to give a liigh degree of lustre 
when carefully controlled—higher, in fact, than that obtained 
with a bright-silver solution. The procedure was as follows: 

(1) Chemically polish for limin at 75° C in the same solution 
as used for the specimens described in Section 4. 
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(2) Rinse in cold water. 

(3) Rochelle-copper flash for i-min at a current density of 
50A/ft.2 

(4) Rinse in cold water. 

(5) Dip in 10% solution of sulphuric acid. 

(6) Rinse in cold water. 

(7) Bright-acid copper-plate for 20 min at a current density of 
55A/ft2 to a thickness of about 0-0008in. 

Chemical polishing is used to produce a good surface to which 
electrodeposits adhere. Although this is no substitute for 
mechanical polishing for this purpose, it may usefully supplement 
it.26 

(6) ELECTROFORMED GUIDES 

Several sections of rectangular copper waveguide, for fre¬ 
quencies around lOOOOMc/s, electroformed commercially in 
different baths and on several types of mandrel, have been 
examined to determine which manufacturing technique gives the 
best internal surface. 

First, two samples were electroformed on expendable mandrels 
of tin-lead-bismuth alloy, one (a 90° H bend) in an acid copper 
bath and the other (a magic-T junction) in a cyanide bath. 

The effect of various types of stainless-steel mandrel on the 
internal roughness was then determined. A sample was electro¬ 
formed in a cyanide bath and had a composite rectangular 
mandrel fabricated from stainless-steel plates with fusible-alloy 
plugs at the corners to hold them together. The mandrel was 
removed by melting the alloy. A second sample was electro¬ 
formed in an acid bath on a permanent stainless-steel mandrel, 
which was withdrawn by applying a separating force from a 
screw mechanism. A third sample was produced on a similar 
type of mandrel, withdrawal in this instance being assisted by 
heating. 

(7) SURFACE-ROUGHNESS MEASUREMENTS 
(7.1) Procedure 

There are many different ways of evaluating the roughness of 
a metal surface. Instruments having a stylus which is traversed 
horizontally across the surface may be used,22.28.29,30 
numerous optical methods have been devised, mostly employing 

multiple-beam micromterferometers.2b32,33,34 phere are several 

objections to the use of both these types of instrument for 
recording the surface roughness of waveguide specimens. First, 
although the stylus type gives an indication of the centre-line 
average value of the surface and the peak roughness, it is not 
possible to measure the ratio of the actual length of a surface 
to its ideal length owing to unequal horizontal and vertical 
magnifications. This is the important information required for 
the present studies. In addition, the horizontal traverse of the 
stylus is only about 0-025 in, and with deep scratches and a 
slightly worn stylus the stylus penetration may be only 25% of 
the full depth,34 and false readings will be given. The optical 
methods obviate this disadvantage, but they, too, only give an 
indication of the roughness of a selected part of the sample 
and do not measure the ratio of the actual to the ideal length 
of the surface. 

Consequently, it was decided to examine the surfaces by 
polishing and microscopic inspection in a manner similar to 
that successfully used on a previous investigation. ^ ^ The method 
consists briefly in plating a sample with a metal contrasting in 
colour, mounting a section in a plastic mould, polishing first 
with various grades of abrasive paper and then with metal polish, 
and finally examining the surfaces with a microscope. It is 
desirable, however, to obtain definite values for the various 
surface-roughness factors, so, instead of takmg measurements 


from typical photomicrographs of the section (using a magni¬ 
fication of about 1 000) and making statistical calculations, the 
ground-glass screen of the projection microscope was replaced 
by clear glass and tracing paper. In this way the whole surface 
contour of one side of a waveguide section can be traced, and 
accurate measurements can then be made of the length of the 
contour for comparison with the corresponding perfectly smooth 
surface. Values for the surface-roughness factors Kt 2 
and K may thus be obtained. In the case of plated surfaces 
the corresponding base-metal-surface tracings can also be 
obtained, thus giving a true measure of the levelling, if any, 
produced by the plating. Such measurements need to be 
limited to a small number of cross-sections, but experience has 
shown repeatedly that difierent sections from the same length 
of waveguide give surprisingly similar results. The main dis¬ 
advantage of this method is that it is laborious; an enormous 
amount of energy and considerable time are necessary to obtain 
the required data. This is justifiable, however, since the results 
obtained by the process are very consistent and agree well with 
the values anticipated from the ratio between the measured and 
the calculated attenuation. 

Both skill and experience are required in polishing to produce 
a relatively scratch-free surface for examination. A different 
technique involving electropolishing has therefore been adopted 
recently which enables unskilled workers to produce a surface 
entirely free from scratches. With this process the protective 
plating need not be contrasting in colour, but it must be a metal 
which will electropolish in the same bath as the sample, i.e. 
copper plate on copper or brass. After the usual mounting and 
preliminary polishing with emery paper, the specimen is electro- 
polished in a suitable bath. This produces an undistorted stress- 
free surface and eliminates the possibility of an error in the 
results due to masking of the surface by scratches. The method 
also saves an enormous amount of time and effort compared 
with the earlier method, since it is the final hand-polishing stages 
which require so much skill and patience. If the plated metal is 
the same as that of the guide, the sample is etched slightly 
during electropolisliing by reducing the voltage, in order to 
make the junction of the original surface and the plating more 
obvious. The choice of electropolishing bath depends on the 
metal to be polished. Unfortunately, this new technique cannot 
be used successfully on silver-plated sections because silver will 
not polish in the baths used for copper and brass. 

(7.2) Results 

The measured surface-roughness factors for the various types 
of waveguide sample examined are given in Table 1. 

Eqn. (13) gives the ratio of the calculated attenuation which 
takes account of surface roughness to that of a guide with 
perfectly flat surfaces, for the Hqi mode. Values of this attenua¬ 
tion ratio have been calculated, using the experimental figures 
for the three roughness coefficients, for this commonly used 
mode, in an air-filled rectangular waveguide with internal 
dimensions lin X 0-5in. The frequency has been taken as 
lOOOOMc/s. These attenuation ratios are also tabulated in 
Table 1, together with information previously determined for 
other types of 3 cm waveguide surface, so that the performances 
of the various surfaces can be easily compared. 

The main deformities of the surfaces from transverse sections 
of precision-drawn 3 cm copper waveguides are a considerable 
number of “draw lines.” They range in size from 0-001 in deep 
by 0-0005 in wide in the long sides to 0-0005 in deep by 0-001 in 
wide in the short sides. On the whole, the short sides are better 
than the long sides. The photomicrograph in Fig. 1 shows a 
typical transverse section taken from a short side. It is of interest 
to note that previous measurements^^ on a sample of normal 
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Table 1 


Attc-nuation Ratios and Surface-Roughness Factors for 
Various Types of Waveguide 


Type of waveguide 

Kti 

L 

Kx2 

Kp 


Electropolished copper 

1-002 

1-001 

1-004 

1-002 

1-004 

1-060- 

Electropolished brass 

1-004 

1-006 

1-005 

Normal-drawn brass* 

— 



Normal-drawn copper* 

— 

— 

— 

1-074 

1-102- 

Precision-drawn copper 

1-020 

1-015 

1-006 

1-120 

1-012 

Precision-drawn 

— 

— 


1-034 

copper*t 

Precision-drawn brass 

1-002 

1-001 

1-001 

1-001 

1-014 

Precision-drawn brass*t 

— 



Acid-copper electro- 

1-625 

1-625 



plate 

max 

max 



Bright-copper electro- 

1-002 

1-002 

1-002 

1-001 

plate 



Silver-plate from 

— 

- 

_ 

1-580 

cyanide bath* 
Bright-silver electro- 

1-012 

1-004 

1-006 

1-007 

plate 



Chemically polished 

1-002 

1-005 

1-005 

1-003 

copper 




Chemically polished 
brass 

1-003 

1-002 

1-004 

1-003 

Electroformed copper 

1-018 

1-025 

1-013 

1-017 

on expendable alloy 
mandrel, Sample 1 





Electroformed copper 

. 1-036 

1-067 

1-049 

1-051 

on expendable alloy 
mandrel. Sample 2 





Electroformed copper 

1-010 

1-021 

1-001 

1-008 

on stainless-steel 

semi-permanent 

mandrel 







Electroformed copper 

1-006 

1-005 

1-003 

1-003 

on stainless-steel per¬ 
manent mandrel, 
Sample 1 







Electroformed copper 

1-001 

1-002 

1-001 

1-001 

on stainless-steel per¬ 
manent mandrel. 
Sample 2 







* These values have been determined experimentally from attenuation measurements 
T The measured values of attenuation cannot be compared with the estimated 
attenuation for similar types of guide because the roughness measurements were 
earned out on guides of slightly better quality. 


commercial brass waveguide showed that irregularities with 
magnitudes up to about 400 microinches occurred and that the 
ratio of the length of the actual surface to that of an ideally 
smooth one was larger for the short sides than for the long ones. 

The term “microprofile”35 is used throughout the following 
descriptions to mean a roughness which can easily be seen, but 
not measured, at a magnification of 1 000, and which is therefore 
comparable with the skin depth. In this respect the copper 
tube is smooth, whilst the general undulation is still present. 

The longitudinal sections of drawn guides are not nearly so 
rough as the transverse sections, as pointed out in a previous 
paper. There is a general absence of draw lines on these 
particular sections, the only irregularities being very shallow 
grooves about 0-001 in long by 0-0003 in deep, although there 
are occasional places where the microprofile is rough. 

Precision-drawn brass waveguide is extremely good. It has 
already been noted* ^ that normal commercial brass guides have 
a better internal finish than the corresponding copper ones. 
This is also true of precision-drawn tubes. The transverse- 
section contours are quite flat, usually showing only gentle 
undulations. Occasionally, there are more severe changes in the 
level of the surface. A few draw lines, about 0-0003 in deep, 







Fig* 1*—^Typical photomicrograph of precision-drawn copper 
waveguide surface from 1 in x i'm guide. 

Section perpendicular to waveguide axis; magnification 500; copper in the lower 
part of the photograph. 


much smaller and less numerous than for the corresponding 
copper guide, are in evidence, together with one or two shallow 
hollows. As for the copper guide, the microprofile is smooth. 
The short sides are smoother than the long ones. The micro¬ 
scopically smooth longitudinal-section surfaces only undulate 
very gently and there are no grooves or elevations. This brass 
guide is the best of all the drawn tubes examined and leaves 
little, if anything, to be desired as far as its internal roughness 
is concerned. 

The surface roughness of some precision-drawn, 8 mm wave¬ 
guide was examined to compare it with the 3 cm samples made 
by the same manufacturer. It was found that the guide is the 
roughest of all the precis ion-drawn guides tested, contrary to 
expectation from previous observations on several sizes of tube.** 
Surfaces from transverse sections showed severe undulations and 
elevations, some greater than 0-001 in, although the micro- 
profile is quite smooth. Longitudinal-section surfaces are 
equally as rough as those from transverse sections, and certain 
parts of them have microscopic roughness as well as large 
undulations. The values of Kj-^, Kj ^2 **nd Kp are 1-028, 1-049 
and 1 - 043 respectively. 

A considerable improvement in the surface finish of precision- 
drawn copper tube was obtained by chemical polishing, which 
produced a very smooth finish with no acute draw lines but only 
a very gentle general waviness, as can be seen from the typical 
photomicrograph in Fig. 2. The results in Table 1 show the 



Fig. 2. Typical photomicrograph of chemically polished copper 
waveguide surface from lin x iin guide. 

Section pependicular to waveguide axis; magnification 500; coooer in the lower 
part of the photograph. > 
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improvement over the copper tube described above due to 
polishing. Whereas Kp remains about the same, the transverse 
coefficient is reduced from 1-020 to 1-002 and Kj -2 from 
1 -015 to 1 -005. Further, the copper tube selected for polishing 
was originally not so smooth as the tube discussed above because 
it had previously been determined^ i that its ratio of measured 
to calculated attenuation is 1 - 034. 

The internal surfaces of chemically polished brass waveguide 
show only gentle undulations with a few sharp changes in level. 
No draw lines are present and there has been a microscopic 
polishing action. The most severe distortion of the surface takes 
the form of shallow hollows which appear on both the long and 
short sides, particularly near the corners. Whilst these can be 
smoothed out by chemical polishing, a good deal of metal would 
have to be removed. 

Although the roughness coefficients for this guide are slightly 
larger than those for the best-quality precision-drawn guide 
described above, they are much smaller than those for the 
original surfaces, which had a ratio of measured to calculated 
attenuation of 1 -014. 

The surface natures of the chemically polished brass and 
copper waveguides are similar, whereas the original copper 
guide is much rougher than the brass one. This suggests that 
chemical polishing is more effective on precision-drawn copper 
waveguides because of their original roughness, although it can 
be usefully employed on brass guides. The similarity in final 
finish obtained on both guides also emphasizes the fact that, 
although chemical polishing eliminates the microprofile, the 
general macroprofile still remains and would be difficult to 
eliminate without removing a considerable amount of metal 
from the surface. 

The results for bright-silver-plated surfaces are somewhat 
disappointing. In all cases the internal surface finish is con¬ 
siderably better when a bright bath rather than an ordinary 
cyanide bath is used. In general, the silver-plating faithfully 
reproduces any irregularity of the base metal. There is very 
little levelling of the base, however, and there are some cases 
where the silver has a rougher surface than the original. 

Bright-copper plating appears to be smoother than the bright- 
silver deposits and has greater levelling properties (Fig. 3). 
Since the sample was plated on the outside, with no internal 
anode, the brass base surface is quite smooth, and it is therefore 
not surprising that the final copper surface is good. However, 
there is no exaggeration of the base irregularities as with cyanide 
and acid-copper plating. irregularity of the base is either 

partially smoothed out or faithfully reproduced. All the rough¬ 
ness coefficients were found to be 1-001, the corresponding 
coefficients of the base all being 1 -002. These figures give some 
indication of the levelling action. It cannot be assumed, of 
course, that the plating would be the same if the guide were 
internally plated, since the base metal is not so rough and the 
usual difficulties of throwing power and internal anodes are not 
encountered when the plating is outside the tube. 

The siufaces of the longer sides of the transverse sections of 
electropolished copper guides are very smooth but undulate 
slightly, more especially towards the centre of the side. All 
microscopic roughness has disappeared owing to electropolishing, 
and there is no evidence of a microprofile even when the 
magnification is increased to as much as 4 000 X, but the macro¬ 
profile remains, as was expected. There are no draw lines 
present and the only acute distortion takes the form of small 
pits in the surface, approximately 0-0001 in deep, as can be 
seen by the typical photomicrograph in Fig. 4. These are 
probably due to inclusions of copper oxide. The short sides 
appear to be much flatter, still retaining the same smoothness. 
The pits are also shallower and not so numerous. 


(b) 

Fig. 3.—Typical photomicrograph of copper-electroplated brass 
waveguide surface from lin x |in guide. 

(o) Section perpendicular to waveguide axis. 

(b) Section parallel to waveguide axis. 

Magnification 500; brass in the lower parts of the photographs, bright-copper 
plating in the dark bands and the protective coating of silver at the tops. 


Fig. 4.'—Typical photomicrograph of electropolished precision-drawn 
copper waveguide surface from lin x Jin guide. 

Section perpendicular to waveguide axis; magnification 500; waveguide in the 
lower part of the photograph. 

A longitudinal section taken from a long side shows much the 
same characteristics as the long side of the transverse section. 
The surface is still very smooth but the general undulation is 
slightly worse and the pits are still present. Electrical tests 
performed previously on a long specimen of the same unpolished 
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guide indicate that the ratio of an actual length of surface to 
an ideal length is about 1 -034.^^ It is evident, therefore, that a 
considerable improvement in the surface texture has been 
brought about by electrolytic polishing. 

Electropolished brass waveguide surfaces also show con¬ 
siderable improvement over the original surfaces. As is charac¬ 
teristic of the electropolishing process, the microprofile is elimi¬ 
nated, but large undulations remain on the transverse sections. 
These undulations are worse than those for the corresponding 
copper guide, and include some sharp elevations and a number 
of severe changes in level. The topography of the surfaces from 
a longitudinal section is very similar to that from the transverse 
section. As with all sections of this specimen, there are no 
small pits in the surface such as were characteristic of the copper 
guide, thus indicating the absence of any included oxide. The 
original guide, which is smoother than the precision-drawn 
copper tube, had values of and Kj ’2 the order of 1 -014. 
Thus, although electropolishing has produced a considerable 
improvement over the original surface, the technique is not so 
effective for brass as for copper guides. 

The surface finish of the electroformed guides examined is 
dependent to a large extent on the type of mandrel employed 
and on the method of separation of the guide from the mandrel. 
A transverse section of the electroformed bend mentioned above 
shows that it has a very poor internal surface; it is quite undulous 
and microscopically rough in places. As is to be expected with 
guides electroformed on this type of fusible mandrel, the rough¬ 
ness of the short sides and of a section parallel to the guide axis 
is of the same order as that of a transverse section. Tire second 
sample made on an expendable mandrel has a much worse 
internal topography than the first, the microscopic roughness 
being much more general. The difference in internal roughness 
between the two samples may be attributed to a probable 
difference in mandrel preparation. A further reason for the 
discrepancy is the varying methods employed for the separation 
of the mandrel from the component. One method used is to 
melt out the alloy and finally to clean the specimen by blowing 
steam through it. Alternatively, sodium hydride may be used to 
dissolve the mandrel. 

Transverse sections from the sample formed on the composite 
rectangular mandrel mentioned show that the surface is extremely 
flat and smooth over the majority of both the long and short 
sides. There are large cavities at the corners, however, caused 
by the fusible-alloy plugs, which contribute very greatly to the 
relatively high value of the roughness coefficients. Although 
the second sample does not suffer from this defect, it shows 
numerous scratch marks due to the withdrawal process. The 
resulting interior finish of the third sample is better than that of 
any other type of waveguide, whether electroformed, drawn, 
electropolished, electroplated or chemically polished. There is a 
complete absence of scratches due to the withdrawal technique, 
and the surface is almost perfectly flat and very smooth. 


(8) CONCLUSIONS 

The internal surface finish of the best precision-drawn wave¬ 
guide is remarkably good. For this type of tube the increase 
in the attenuation due to imperfections in the internal finish is 
less than 2%, which is negligible for most applications. As 
expected from earlier work,^^ brass guides are much smoother 
than the corresponding copper ones. This is probably due 
to the softer nature of the copper and its greater liability to 
scratching, or to the higher friction between copper and the 
drawing dies. For higher-frequency working, the waveguide 
dimensions decrease, and the roughness of an 8 mm sample 
was unexpectedly found to be considerably greater. The theore¬ 


tical increase of attenuation due to the observed roughness is 
about 4% at a frequency of 37 OOOMc/s, for the Hqi wave. 

Chemical polishing or electropolishing can be employed to 
produce an even smoother surface than that of a precision-drawn 
guide. It is doubtful, however, whether such additional pro¬ 
cessing is worth while on a commercial scale, since the surface 
finish of precision-drawn guides is quite satisfactory for all 
normal purposes. The processes may find a useful application 
in the preparation of special components such as cavities, which 
must have a high degree of surface finish to give a high Q-factor. 
Chemical-polishmg solutions may find a more general application 
than electropolishing since they can be used economically and 
the necessity for auxiliary anodes when polishing complex 
components is obviated. It should be remembered that the 
opthnum voltage in an electropolishing bath is very critical; 
higher and lower voltages cause pitting and etching, respectively. 

The texture of the inside of electroformed waveguides is 
found to be dependent on the type of mandrel used and the 
method of separation. The results show that stainless-steel 
mandrels give much better surfaces than mandrels of other alloys. 
Then, from the roughness point of view, waveguide T-junctions 
and similar complex components should be electroformed on 
multiple stainless-steel mandrels rather than on fusible types. 

Where possible, also, mandrels relying on differential expansion 
for separation should be used in preference to composite types 
with fusible-alloy plugs. With a well-manufactured stainless- 
steel mandrel it is possible to electroform copper guide which 
has a better surface finish than any other type of waveguide. 

Although the levelling produced by the different plated metals 
is not the same for them all, a bright-plated surface always 
shows a considerable improvement over the ordinary plated 
surfaces examined previously, It is thought that the plating 
examined during the present investigations is the best that can 
be done with ordinary plating techniques. Bright-silver plating 
is unreliable; sometimes it exhibits no levelling properties and 
the finished surface may be worse than the original one. Thus 
it is doubtful whether bright-silver plating is worth while as a 
means of further reducing attenuation, because the increase in 
attenuation due to the rougher surface may well be greater than 
the decrease due to the higher conductivity of the silver. If 
drawn brass guide is bright-copper plated, however, an improve¬ 
ment is possible because of the increased conductivity and good 
levelling properties of the copper. 

It is evident from eqns. (10) and (13) that the ratio 
depends on the order of the mode as well as on the roughness, 
because of changing values of ri and m. Hence, all wave modes 
will not give the ratios of cLjjIafj calculated for the Hqi mode 
and given in Table 1. It is also interesting to note from eqn. (12) 
that the ratio otf^lcx.^ is identical with Kp for all modes. It 
follows that the measured attenuation for an E wave will not be 
very different from that calculated on the assumption of perfectly 
flat surfaces, even for rather poor drawn tube where grooves 
along the length may produce high values of and Kj 2 - 

So far, there has been no reliable way of estimating the per¬ 
formances of waveguide surfaces without making careful 
measurements on long samples of guide with the aid of elaborate 
test equipment. It is thought that manufacturers will find the 
method described in the paper useful for making quick and 
accurate examinations of waveguides. 
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(11) APPENDIX 

(11.1) Modification of Kuhn’s Attenuation Formulae to include 
the Effects of Surface Roughness 

The general expression derived by Kuhn^^ for the attenuation 
in rectangular waveguides is 


a = 


£ 'il/'iV'T'" V 

cr p \p) J SabiX^yFkj,W' ^ 


II^\Ms 


where is a numerical factor having a different value for 
different wave modes, IF' is a quantity Kuhn calls the charac¬ 
teristic density of energy, and the integration is taken along the 
whole periphery, s, of the guide cross-section. In the case of 
an Hn^ mode, k^ = ^ i? n — 0 and k^ = i if n 0. For an 
En^mode^^ = i. _ 

The sums of the integrals in eqn. (14) are evaluated below for 
®^nni Ennj waves. In making these calculations the field 
equations given by Kuhn in right-handed Cartesian co-ordinates 
are used. The origin of the system is placed in one of the corners 
of the guide cross-section so that the width b falls in the positive 
direction of the z axis, the height a in the positive direction of the 
y axis and the axis of the guide extends in the direction of the x 
axis. 
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In the case of an H-type wave. 


(11.2) Attenuation of an H nm Wave in a Rectangular Waveguide 

The top and bottom walls and the side walls of the guide are 
considered separately. 

At the top and bottom walls (i.e. for y = 0 and y = d) only 
the components of and of the magnetic field are found. 
They vary in the z direction with 0 < z < 6. In the case of 
perfectly smooth surfaces these walls contribute an amount 
towards the summation in eqn. (14) such that 

r, = 2( l^rjVz) . . . (15) 

When the surfaces are rough, since the irregularities are, in 
general, much greater than the skin depth, expression (15) 
becomes 

. (16) 


r, = 2( Kri\H,V-dz+ K,\H,\^dz) 


This is so because of the increase in the effective resistance of 
the associated current paths due to roughness. ATyj and Kp 
are roughness factors already defined. 

Using the formulae for and given by Kuhn, it is found 
that 


IW'Z^b 
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(17) 


Similarly, for the side walls, where z = 0 or z = h, the com¬ 
ponents of and Hy are generally present and they vary in the 
y direction with 0 < < «• The sum of the integrals to be 

used in eqn. (14) is now different in the cases in which n — 0 
and n ^ 0. 

When « # 0 the contribution made by the side walls towards 
the summation is such that 


r« 

rj=2(| Kj^\Hj,My+\ K^Wydy) 


(18) 


The same value of Kp has been used for the top and bottom 
walls and the side walls in eqns. (16) and (18) because measure¬ 
ments show that such an assumption is quite justified. 

Using the formulae for and Hy given by Kulm in expression 
(18), it is found that 
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( 21 ) 


( 22 ) 


(23) 


(24) 


From eqns. (17) and (19) the total sum of the integrals for the 
case in which n ^ 0 is 






(25) 


Substitution of expression (25) in eqn. (14) gives eqn. (2). 
From eqns. (17) and (20) the total sum of the integrals for the 
case in which rr = 0 is 


/6 \ 1/2 A 

r, + r,=4(K'(-) 


'e L, 


K M -U F ^ S 


+ 



Substitution of expression (26) in eqn. (14) gives eqn. (1). 

(11.3) Attenuation of an E nm Wave in a Rectangular Waveguide 

For the case of an wave the calculations involved in using , 
eqn. (14) are made on similar lines to those for an wave, 
but are simpler owing to the fact that only the transverse 
magnetic field is encountered. The value of n cannot be equal 
to zero in this case. 

After integration, the following values for the sums of the 
integrals are obtained: 

For the top and bottom walls 

W' Z2 

l^^^bKp ...... (27) 

^8 ^cr 

W' Z? 

...... (28) 

^8 ^cr 
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\€ J Xg 
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For both side walls 

For an E-type wave 
Z„ 


6 7 


In the above equations is the specific impedance of the 
guide, which is the ratio of the transverse components of the 
electric and magnetic fields responsible for propagation along 
the guide, and Z^^ is the transverse impedance of the guide, 
which is the ratio of those components of fields which are 
responsible for transverse oscillations. and Z^, are two 
kinds of transverse impedance introduced by Kuhn.^^ 


and 


= ( 

-(?) 


(30) 
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By summation of eqns. (27) and (28) and substitution in 
eqn. (14), expression (7) is obtained. 







DISCUSSION ON 


“RECEPTION OF AN F.M. SIGNAL IN THE PRESENCE OF A STRONGER SIGNAL 
IN THE SAME FREQUENCY BAND, AND OTHER ASSOCIATED RESULTS”* 


Mr. E. I. Bosch {United States: communicated)'. The paper 
contains a rather clever scheme (Section 9) of putting two 
intelligences in one frequency channel without requiring increased 
sharpness of filtering. It may facilitate comprehension to point 
out that this scheme is equivalent to frequency-mo dulatmg the 
r.f. carrier with intelligence A, and then single-sideband- 
modulating the resultant signal with a subcarrier which is 
frequency-modulated with intelligence B. Strangely, the paper 
makes no effort to reconcile the implied saving in bandwidth 
with the principles of information theory. Section 11 (Com¬ 
parative Analysis of Bandwidth Required) is quite inconclusive, 
since it does not consider signal/noise ratios, transmitted powers, 
or information bandwidths. Furthermore, I was unable to find 
any substantiation of the last sentence in Section 11.1, which 
states that in an f.m. system whose modulation consists of an 
audio signal and a subcarrier, “the total bandwidth is equal to 
that taken up on account of the subcarrier plus 2/i,” where /i is 
the carrier-frequency deviation due to the audio modulation 
alone. 

The paper’s methods of separating weak f.m. signals from 
strong ones appear to apply only when the frequency difference 
between the two carriers is considerably greater than the modu¬ 
lation frequencies on them. This condition is contained in 
Section 4.1, where it is suggested that coj, the instantaneous 
frequency difference between the carriers, be measured and 
added to (or subtracted from) ajj, the instantaneous frequency 
of the stronger carrier, in order to obtain the frequency of the 
weaker one. Soch a method requires that W 2 should make a 
sufficient number of cycles to be measured, in a time in which the 
two carrier frequencies remain substantially constant. Again, 
in Section 4.2, the symbols Wi and 012 are used both in eqn. (7) 
and eqn. (8), even though those equations refer to two different 
times (0=0 and 6 — tt). This would not be permissible if it 
were not assumed that coi and 0 J 2 change but very little in the 
interval from 0 = 0 to 0 = tt (a half-cycle of 012 ). That is, 
it is assumed that the modulation frequency is much smaller 
than the frequency difference between the two carriers. There 
arises, therefore, the question whether the method is—without 
major modification—applicable to co-channel interference, 
where the frequency difference between the carriers is usually 
of the same order of magnitude as the higher modulation 
frequencies. 

Two minor points: Section 10.2 states that the amplitude 
variation at the input to the limiter can be increased by using 
“an automatic gain control operating, preferably on sharp- 
cut-off tubes, to cut off more of the lower part of the r.f. oscilla¬ 
tion as the signal increases in intensity without distorting the 
shape of the envelope.” This is incorrect; such a circuit will 
increase the relative amplitude variation, but decrease the 
absolute variation. 

Section 10.3 states that, instead of using a simple discriminator 
“it may be more satisfactory to use a circuit that establishes a 
point on the waveform at each cycle of frequency.” Is there no 
danger that points thus established on waveforms might blur, 
or, under adverse conditions, even fade completely? 

* WiLMOTTE, R. M.: Paper No. 1603 R, March, 1954 (see 101, Part III, p. 69). 


Mr. R. M. Wilmotte (in reply)'. In Section 9 it is described 
how intelligences are combined in one frequency channel and 
may be separated without requiring increased sharpness or 
filtering; the equivalent operation given by Mr. Bosch is not 
quite the same, and, unless I have misunderstood that equi¬ 
valence, it does not lead to an identical mathematical expression 
for the signals. 

Mr. Bosch points out that the paper does not analyse the system 
in terms of the modem information theory. That failure I do 
not think is strange. It seems somewhat strange to me that it is 
thought to be strange and the reason is simple. Modern infor¬ 
mation theory has been applied largely to problems of evaluating 
the signal/noise ratio, usually eliminating considerations of 
other forms of interference. Information theory has developed 
in that manner largely because the signal/noise ratio can be 
handled with relatively simple mathematics. When the problems 
become too complicated, mathematicians tend to leave them 
to their successors. The result has been—and this I give as 
my personal criticism of the existence of an undesirable trend 
of the application of information theory—an over-emphasis of 
the importance of signal/noise ratio. In this particular case, 
that which probably would prove to be the limiting factor in the 
operation of the system is not noise but the distortion due to 
multi-path signals. In any case, an analysis of these f.m. signals 
with their associated complex and non-linear circuits, in terms 
of information theory, would probably lead to complex mathe¬ 
matics. Even if the theory were worked out and results obtained 
that could be considered accurate, it would give only a partial 
picture since the only interference considered would have been 
noise. 

The paper discusses briefly the bandwidth required, and this 
was considered not from the point of view of signal/noise ratio, 
but for its effect on adjacent channels. It appears that at least 
part of the explanation of my analysis was not clear. The part 
that seems to be difficult was that which dealt with the band¬ 
width required in the usual f.m. system, in which a carrier is 
frequency modulated with signal A plus a subcarrier which is 
itself modulated with signal B. The bandwidth required for 
such a system is one that involves statistical evaluation of the 
time durmg which the carrier modulated with signal A is deviated 
in frequency from the mean frequency by a substantial amount. 
If this signal is voice or music, the maximum deviation will 
occur, to a large extent, at the low notes. A low frequency 
implies that the carrier for a considerable period of time corre¬ 
sponding to the periods around positive and negative maxima 
of the signal is deviated at or close to a 100% deviation. If we 
consider a subcarrier added to this signal, all the frequencies in 
that subcarrier are very high compared with the frequencies of 
this low note, so that from the point of view of the subcarrier, 
when that low note produces a wide deviation, say the main 
carrier may be considered as having been shifted by an amount/j. 
The subcarrier is then applied to this deviated carrier. The 
first sideband of the subcarrier is at a frequency equal to that 
of the subcarrier, / 2 , so that this sideband occurs at a fre¬ 
quency (/j -j- fo) away from the main carrier. A similar situa¬ 
tion occurs when the frequency swing is negative. Thus the 
[ 260 ] 
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total bandwidth is at least equal to 2f/j 4-.;^). It is incorrect 
to consider the bandwidth as though signal A and the modulated 
subcarrier were merely equivalent to signal A alone, but amplified 
to produce the same peak amplitude. The basic reason is that 
the Irequency distribution in the two systems is not the same 
statistically. When a subcarrier is used, there is at all times a 
large amount of very-high frequencies, which is not true when 
signal A alone is used. This explanation was not clearly stated 
in the paper: I had, probably improperly, tried to state it in the 
space of one paragraph. 

There is much work left undone in developing proper circuits 
for clearly separating a weak f.m. signal from a strong one. The 
paper merely described possible techniques. One method was to 
measure coj, the angular velocity of one signal, and aj 2 , the angu¬ 
lar velocity of the difference between the two signals. These two 
should be measured at the same instant and continuously. The 
fact that they are not so measured will produce some distortion, 
and the degree of distortion produced will depend a great deal 
on the system used. It is not true that it is necessary that C 02 
should cover “many cycles” in order to measure it. In fact, the 
methods referred to in the paper of Krumhansl and Goldberg, 
and those of Hoeppner, are able to provide adequate information 
on (02 within one cycle. ■ The possibility may be explained from 
eqn. (1), where (Oi and (02 are referred to as the rate of change 
of phase, rather than proportional to frequency. 

It is also true that in eqns. (7) and (8) the two factors coj 
and (02 are measured at diflerent times so that that method will 
probably produce some distortion when (wj — a> 2 )/ 2 'rr lies within 
the intelligence frequency band. The suggestion by Mr. Bosch 
that many cycles are required for these measurements is not 
justified except from our experiments with a simple limiter- 
discriminator circuit. With it, substantial distortion was ob¬ 
tained, but it is to be expected that better circuits can be 
developed. Great improvement was obtained by using the 
circuits referred to above. A brief statement indicating the 
advantages of these circuits is made in Section 10.3. 

As to how small a difference in the mean frequencies can be 
maintained without developing serious distortion is not known. 
It is believed, however, that with proper circuit technique it 
may be possible to operate when the two channels are very close 


together in frequency. That is indicated broadly in the last 
paragraph of Section 4.1. In support of that concept are the 
results obtained by Dr. Argimbau, who, with the use of a very- 
wide-band discriminator, has been able to obtain substantial 
distortionless reception when one f.m. signal was in the presence 
of another one only a fraction of a decibel lower in intensity. 
The distortion that occurs under those conditions is indicated 
in Fig. 2. It will be seen there that within one cycle of the 
difference of frequency between the two signals there is a tre¬ 
mendous degree of distortion. This distortion does not appear, 
however, in wideband f.m, reception when the Argimbau type 
of circuit is used because the waveform within one cycle is 
averaged accurately without distortion. When the frequency 
difference between the two signals is low and audible, some dis¬ 
tortion should be heard. The fact that the fascinating experiments 
of Argimbau have produced such excellent results leads one to 
expect, or at least to hope, that similar results would be obtained 
in the case of the application of the systems described in the 
paper. 

As regards Section 10.2, referring to a suggestion for 
increasing the relative variation in the waveform, there seems 
to be agreement with Mr. Bosch that the system wiU increase 
the relative amplitude. The absolute variation can be con¬ 
trolled by increasing the gain. Unless the relative amplitude is 
first increased, there is the danger of reducing the relative 
amplitude by overloading the tubes. It is my impression that 
the statement in the paper is correct, but possibly not developed 
adequately. 

As regards the use of the Krumhansl and Goldberg, or 
Hoeppner, circuits (Section 10.3), I can only state that these 
have been tried in the laboratory and have proved a considerable 
improvement over previous circuits. I do not see why “points” 
thus established on the waveform might “blur or even fade 
completely.” 

The paper was written with the hope that it might stimulate 
engineers to a somewhat new approach to certain f.m. techniques. 
It is by no means a complete analysis of the potentialities of 
circuit technique that may prove applicable, but it is believed 
that the techniques may have valuable potentialities for certain 
applications. 
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THE EFFECT OF SEVERE AMPLITUDE LIMITATION ON CERTAIN TYPES OF RANDOM SIGNAL: 
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(Digest of a paper published in November, 1954, as an Institution Monograph and republished in March, 1955, in Fart C of the Proceedings.) 


Fig. 1 shows the input/output characteristic of a peak-limiting 
amplifier. If the input signal of Fig. 2(a) has an average ampli¬ 
tude very much larger (e.g. 60 dB) than AO in Fig. 1, the output 
waveform will consist for practical purposes of a train of 
rectangular pulses as in Fig. 2(Z>). This process, sometimes 
referred to as “infinite” peak clipping has surprisingly little effect 
on the intelligibility of conversational speech. More specifically, 
tests^-^ based on randomly selected one-syllable words show 
articulation scores of the order of 80-90 %. An initial period of 
accommodation is required whilst the listener gets used to the 
noisy character of the sound, and moreover fatigue is likely to 
set in fairly rapidly if the test continues too long. Neither 

Mr. Dukes is wiih Standard Telecommunication Laboratories, Ltd. 



Fig. 1.—^Amplhier characteristic. 

subsequent differentiation [Fig. 3(c)] nor integration have any 
significant effect on intelligibility, although in the latter case 
there is a welcome reduction in quantization noise. 
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Fig. 2.—^Eifect of “infinite” peak clipping on a typical waveform. 

(c) Original waveform. 

(h) Clipped waveform. 

(c) Clipped waveform with subsequent differentiation. 
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Fig. 3.—^Time-quantized waveforms. 

(a) Original pulse train [time-quantized version of Fig. 2{a)]. 

ib) Clipped pulse train. 

(c) Differentiated clipped pulse train, with pulse reshaping. 

In comparing Figs. 2(a) and 2(b) it is evident that the only 
characteristic retained is the relative position of the zero crossings 
of the signal. The conclusion that the greater part of the infor¬ 
mation-bearing content of speech must be carried by the zero- 
crossings is inevitable, but it is not entirely satisfactory in view 
of the almost universally accepted concept of the ear as a short- 
time spectrum analyser. The object of the paper, therefore, is 
to examine the relationship between the signals before and after 
clipping on a purely spectral basis. 

For mathematical convenience the continuous waveforms of 
Fig. 2 are time-quantized in the manner illustrated in Fig, 3. 
This is permissible in view of the well-known proposition relating 
the amount of detail in a signal to the bandwidth of the circuits 
transmitting the signal. Provided At is sufficiently small, the 
time-quantized signal may be passed through a suitably shaped 
low-pass filter and the original signal thereby recovered without 
distortion. As regards the signal amplitudes, the analysis is 
equally applicable whether the range of possible amplitude levels 
be continuous or quantized in discrete levels. 


The original pulse train of Fig. 3(a) is assumed to be generated 
by some form of stationary random process i.e. the statistics 
of the signal are invariant under any shift in the origin of time. 
No consideration is given to purely periodic waveforms, as these 
may be handled by simpler and more conventional techniques. 
It is necessary, however, to distinguish clearly between two classes 
of random signals, for which the following nomenclature has 
been adopted: 

Totally random signals .—^These are produced by a generating 
process such that the amplitudes of successive pulses are inde¬ 
pendently selected. 

Partially constrained signals .—^These are such that the prob¬ 
ability of a given amplitude is partly dependent on the preceding 
sequence of amplitude levels. 

A simple example of the first class is the sequence of numbers 
produced by the throwing of a dice. If the dice is “loaded” 
some numbers become more probable than others, but the 
process is otherwise unmodified. Into the second class come 
signals of a more complex character such as speech. However, 
provided that the quantities to be evaluated are invariant of 
the constraints between successive signal values, speech may be 
treated as though it were a totally random signal. This assump¬ 
tion is inherent in the analysis which follows. 

The totally random signal may be defined completely by means 
of the one-dimensional probability distribution p(x). No 
restriction is placed on the form of p(x) except that the d.c. 
level of the original signal is zero. 


i.e. 


p+co 

xp(x)dx — 0 
00 


Two specific distributions for p(x) are shown in Fig. 4, 
being the standard deviation (i.e. r.m.s. amplitude) in each case. 



Fig. 4.—Probability distributions. 
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The first is the Gaussian distribution, which may be used to a 
close approximation to represent the instantaneous amplitude 
distribution of unvoiced speech sounds.^ The second, sometimes 
referred to as the exponential distribution, is a close approxi¬ 
mation to the instantaneous amplitude distribution of voiced 
speech sounds.^ 

Now a random signal, like any other signal, may also be 
described by a complex spectral function F^.(/). The infinitely 
clipped signal may likewise be defined by a function Fy(f). These 
functions differ from those associated with purely periodic 
waveforms in that the phase component for each frequency can 
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Dnly be specified statistically. In order to examine the relation¬ 
ship between FJ^f) and Fy{f), two criteria will be used, both 
based on the product F^if)Fy(f), where the bar indicates an 
iverage over all possible phase displacements "" 4‘y(f}’ 

Had the two random signals been independently generated this 
average product would tend to zero for all values of/. However, 
when. y{t) is derived from x(t) by some process such as clipping, 
the value is likely to be other than zero, either positive or 
negative. Finally, averaging over all values of /, normalizing, 
and adjusting the delay r to a value r' so as to maximize the 


result, we obtain 


Fxy 


1 




p+ CO J 

F/f)Fy{f)eJWdf\ 

CO 


. ( 1 ) 


where is the first coherence coefficient—a term adopted in 
the paper for want of a more suitable nomenclature. 

It can be shown that the above expression for fi is numerically 
equal to 

1 r""'’ 

Limit T CO ;=-^ -t- r')dt . . (2) 

2a^.ayT 


This will be recognized as the cross-correlation coefficient4 of 
the two signals for the given delay r'. In other words, the first 
coherence coefficient is equal to the maximum numerical value 
of the correlation function 

A careful examination of eqn. (2), however, reveals one un¬ 
satisfactory aspect of /.t as a definition of coherence. As a 
simple illustration, consider the result obtained for the input/out- 
put relationship of a passive all-pass filter having a non-linear 
phase characteristic. Evidently, in this case p, must of necessity 
be numerically less than unity because there is no single value of t 
which will ensure that both F^(f) and F//) are in phase throughout 
the entire spectral range of both signals. On statistical grounds, 
however, these two signals might be considered as being coherent, 
and this viewpoint would be in accordance with the observation 
that the ear is relatively insensitive to phase distortion. For 
this reason it is advantageous to define a second coherence 
coefficient, totally independent of t, such that 

= mmw .... ( 3 ) 


outset. Furthermore, it is found that, in practice, clipping is 
more destructive on the vowel sounds than the consonants. 
(It is of importance to note that the results are valid irrespective 
of the existence of constraints between successive signal values.) 

If the clipped signal is subsequently differentiated [see Fig. 3(c)] 
the following expressions are obtained: 

= 2-M,/ci/<T,(l + /c) ... . (8) 

4 

and .(9) 

77 

with k and defined as before by eqns. (5) and (6). The 
numerical results are as follows; 

== 0-635, — 0-718, for the Gaussian distribution, 

— 0-500, = 0-637, for the exponential distribution. 

Experimentally it is found^-^ that subsequent differentiation 
has a negligible effect on intelligibility, which would seem to 
justify a preference for v as a criterion of coherence in this case. 
However, it should be noted that, strictly speaking, eqns. (8) 
and (9) are valid only for totally random signals. 

In addition to amplifying the above results, the paper is also 
concerned with the computation of the complete correlation 
and spectral-energy-density functions of both classes of signal. 
For example, it is shown that for a totally random signal subject 
to infinite clipping 

Pxx^'^') Pyy^^ Pxy^'^lFxy • - • • 

An attempt is made to ascertain under what conditions the same 
relationship would hold for partially constrained signals, but 
it would seem that no simple wholly exclusive criteria exist. ^ In 
this connection, it is interesting that preliminary experiments 
with a speech correlator’ suggest a marked resemblance of 
and Pyy{r) for a number of speech sounds. 

In conclusion it must be emphasized that, although in the 
cases treated the coherence coefficients have numerical values 
approximating to measured articulation scores, no justification 
exists for assuming a formal relationship between coherence and 
intelligibility. Flowever, it would seem likely that a first-order 
measure of similarity in spectral content must provide a rough 
indication of intelligibility, thus substantiating the high arti¬ 
culation scores observed experimentally. 
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Applying these two criteria to the case of an infinitely clipped 
signal the following result is obtained: 


where 


xy 


Fxy ^ • 


-CO 




xp{x)dx = 
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.0 

p{x)dx 

•— CO 


]/[ 


rO 

xp{x)dx 

— CO 
-t-cb 

p(x)dx 


00 

x'^p(x)dx 
00 
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This gives the following numerical result for the two distri¬ 
butions of Fig. 4: 

pb^y = 0-798, for the Gaussian distribution, 
and pi^y = 0 - 707, for the exponential distribution. 

These results are of special interest in that they have a striking 
numerical similarity to the articulation scores mentioned at the 
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That part of the electromagnetic spectrum lying between the 
highest radio frequencies and the far infra-red has provided a 
challenge to engineers and physicists for several decades. 
Experiments have been performed at various timesb2.3 since 
1923, and the sum of these may be said to have closed the gap 
with a limited degree of refinement. However, the subject is 
not systematized; the techniques used are not satisfactory for 
precise measurement or practical use. 

It is natural that in problems of this kind a very wide variety 
of techniques may be attempted; for example, efforts have been 
made to use scaled models of conventional sources^ and detectors, 
to extend the mfra-red techniques,^ to use Cerenkov radiation,^ 
to induce Doppler radiation of high-speed electrons,^ and to 
produce wide-band radiation from sparked resonators. It is 
only with the last of these that the paper is concerned in detail, 
although some reference is made to the first in view of its 
immediate practical importance. A systematic review of all the 
methods is beyond the compass of a single paper. 

The sparked resonator is discussed in some detail in an 
attempt to discover what the power limitations are and whether 
any oscillation-maintaining effect is present in the spark. The 
special case of spherical resonators is treated because of the 
geometrical regularity and because appeal can be made to some 
of the most reliable experimental results. 

It is concluded that the best explanation of these devices is 
that the inhomogeneous electrostatic charge induced by applied 
electric field redistributes itself over the surface in a periodic 
fashion following the collapse of the field on spark breakdown. 
From measurements of the spectral width it is shown that the 
damping of these oscillations is almost wholly attributable to 

Dr. Farrands is at the Defence Standards Laboratory, Australia, and was formerly 
at the Imperial College of Science and Technology'. 


radiation damping. This implies a high efficiency in the radiation 
process. There appears to be no evidence of an oscillation- 
maintaining effect in the spark. 

Assumption of 100% radiation efficiency on these grounds 
pei-mits calculation of available power in terms of the medium 
surroundmg the spheres. It is concluded that spheres subjected 
to sparks in air are unlikely to produce useful amounts of power 
at short wavelengths, but that sparks in oil may be satisfactory. 

An examination is made of some results reported using sparks 
in air. Evidence is deduced from these reports, including dielec¬ 
tric absorption measurements, which lead to some suspicions 
concerning their validity. It is also concluded that experiments 
with the mass radiator can be more conclusive if regular spherical 
particles are used. 
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